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ABSTRACT

Cysteine-Rich Protein 2 Binding Partner (CRP2BP) is a novel human protein, which is
involved in chromatin metabolism.

CRP2BP, referred to as Atac in this study, is

implicated in histone modification. The N-terminus of Atac (AtacN) contains a predicted
plant homeo domain (PHD) in its N-terminal fragment. We characterized AtacN through
structural and functional studies by using biochemical and biophysical methods, such as
circular dichroism and interaction assays. Sequence analysis of AtacN indicated that it
had substantially unordered components. An unusual thermally-induced aggregation had
been observed in stability assays. Interestingly, AtacN indiscriminately bound non- and
tri-methylated histone tails. Further binding studies on different truncations indicated
that the L50-G64 region is important for trimethylated histone 4 lysine 20 (H4K20me3)
binding. Strong binding to phosphatidylinositol 3,4,5-triphosphate (PtdIns(3,4,5)P3) and
weak binding to phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) was also detected.
AtacN’s ability to bind both phospholipid and histone ligands implies that Atac may link
lipid-signalling and gene expression.

Keywords: Cysteine-rich protein 2 binding protein, CRP2BP, Atac, plant homeo domain,
PHD, protein aggregation, histone(s), phosphatidylinositol, Ptdlns and histone modification.

iii

A C K N O W L ED G E M EN T S

There are many people on my journey that have actively participated in aiding in my
research and in completing my thesis. Foremost, I would like to thank my supervisor, Dr. Hong
Ling, whose guidance, passion for research, and support has shaped me into the scientist I have
become. Next, I would like to thank my committee members, Dr. Eric Ball and Dr. James Choy,
who have both showed caring about my progress and research, and who continue to give me
scientific advice. I am in gratitude to Guangxin Xing, our lab technician, who trained me in
laboratory techniques at the beginning of my Master’s career, and from therein has always given
me advice for all my scientific problems or technical issues and, whenever needed, would assist
me in lab work.
A big thank you to everyone in the Biochemistry Department, students, faculty and staff
alike: Without all of you my graduate student experience would not have been the same. In no
way could I have got through the long days spend in the lab or the early morning lab meetings
without my past lab members, Jimson Wong and Kevin Kirouac, who have bestowed upon me
enthusiasm and love for attaining knowledge and for the research process itself. Particularly, I
am indebted to Huadong Liu who has shown patience and without whose help I would not have
been able to carry out or process the peptide binding assay or data, respectively. Additionally, I
would like to thank Liliana Santamaria-Kisiel who worked tirelessly in training me in circular
dichroism and differential scanning calorimetry techniques, helped me with data interpretation
and fitting, and acted as a great sounding board.
Last, but certainly not least, I would like to thank my mother, my sister Karolina, my boyfriend
Steven, and my friends without whose support none of my successes in the last two years would
have been possible. Their constant support and love has propelled me towards completing my
thesis. I am forever in each one of their debts and am grateful to have such wonderful people in
my life.

IV

TA BL E OF C O N TEN TS

CERTIFICATE OF EXAMINATION.......................................................................................ii
ABSTRACT................................................................................................................................iii
ACKNOWLEDGEMENTS....................................................................................................... iv
LIST OF TABLES................................................................................................................... viii
LIST OF FIGURES....................................................................................................................ix
LIST OF ABBREVIATIONS.....................................................................................................x
CHAPTER ONE: INTRODUCTION..................................................................................... 1
1.1 Discovery of CRP2BP (Atac).................................................................................. 1
1.2 Atac Homologs........................................................................................................ 4
1.2.1 Fruit Flies...................................................................

4

1.2.2 Mice......................................................................................................... 4
1.3 Epigenetics and Its Impact.......................................................................................5
1.4 Plant Homeo Domain (PHD)...................................................................................8
1.4.1 Characterization of PHD and PHD-containing proteins.........................8
1.4.2 Importance of PHD-containing Proteins................................................. 9
1.5 PHD Ligand Recognition and Binding.................................................................. 10
1.5.1 Histone tails............................................................................................ 10
1.5.2 Phosphoinositides................................................................................... 12
1.6 Possible Link Between Lipid-Signalling and Gene Regulation...........................13
1.7 Scope of Thesis.......................................................................................................15
1.7 Hypothesis..............................................................................................................16
CHAPTER TWO: MATERIALS & METHODS................................................................17
2.1 Protein Expression and Purification......................................................................17

v

2.2 Crystallization Attempts........................................................................................ 19
2.3 Predictions and Sequence Alignment................................................................... 20
2.4 Limited Proteolysis................................................................................................20
2.5 Construct Design (PCR)....................................................................................... 21
2.6 Zinc Determination............................................................................................... 21
2.7 Calorimetric Analysis........................................................................................... 22
2.8 Spectroscopic Analysis..........................................................................................23
2.8.1 Sample Preparation and Circular Dichroism (CD) Measurements......23
2.8.2 Heat-induced Transition of AtacN........................................................ 24
2.8.3 Generation of CD spectra for Known PHD domains........................... 25
2.8.4 Quantitation of Secondary Structure Analysis......................................25
2.9 Aggregate Detection..............................................................................................25
2.9.1 Protease Resistance............................................................................... 25
2.9.2 Gel Filtration Chromatography............................................................. 26
2.10 Homology Modelling..........................................................................................26
2.11 Fluorescence Polarization Measurements.......................................................... 27
2.12 Protein-Lipid Blot Assay.....................................................................................28
CHATPER THREE: RESULTS............................................................................................ 29
3.1 Sequence Analysis.................................................................................................29
3.2 Crystallization Trials and Constructs................................................................... 29
3.3 Identification of Zinc Binding............................................................................. 31
3.4 Structural Analysis using Circular Dichroism...................................................... 37
3.4.1 Quantitation of Secondary Structure from CD Spectra....................... 37
3.4.2 Folding/Unfolding State Study............................................................. 42
3.4.2.1 Structural Differences between Pre- and Post-Melt Spectra....... 42
vi

3.4.2.2 Soluble Aggregate Formation Upon Heating...............................45
3.5 Calorimetric Study.................................................................................................51
3.6 Interaction Studies.................................................................................................54
3.6.1 Homology Model of AtacN PHD Domain............................................ 54
3.6.2 Quantification of Histone Interactions.................................................. 56
3.6.3 Evidence of Phosphoinositide Binding.................................................58
CHAPTER FOUR: DISCUSSION........................................................................................ 61
4.1 AtacN: A Zinc-binding Protein............................................................................ 61
4.2 AtacN Structural Flexibility and Stability Upon Ligand Binding................... 62
4.3 Unusual Aggregates Under Thermal Dénaturation..............................................64
4.4 Promiscuous Binding of Histone Tails....................................

66

4.5 AtacN: Possible Phosphoinositide-binding Module.............................................69
4.6 Conclusions........................................................................................................... 71
4.7 Future Directions................................................................................................... 72
REFERENCES........................................................................................................................ 74
CURRICULUM VITAE......................................................................................................... 83

vii

LIST OF TA BLES

Table 1. List of Attempted Constructs, Their Properties and Expression and Purification
Protocols....................................................................................................................18
Table 2. Analysis of Mass Spectroscopy Data for AtacN Digestion Products................. 33
Table 3. Prediction of AtacN Structural Components Through CD Deconvolution....... 39
Table 4. Comparison of Predicted AtacN and Aligned PHD Domain Structural
Components..............................................................................................................41
Table 5. Comparison of AtacN Predicted Structural Components Between Group 1
(<60°C) and Group 2 (>60°C)................................................................................ 44
Table 6. Summary of Thermodynamic Parameters for AtacN...........................................53

viii

LIST OF FIG U R E S

Figure 1. Zinc Ligation Patterns for LIM and PHD Domains..............................................2
Figure 2. Schematic Representation o f Atac Domain Alignments...................................... 3
Figure 3. Post-translational Modifications of Human Histone H3 and H4..........................6
Figure 4. Sequence Alignment of AtacN to Other Structurally Known PHD Domains......
.................................................................................................................................. 30
Figure 5. Domain Boundary Definition of AtacN...............................................................32
Figure 6. Purification Profiles for AtacN Truncations and Surface Entropy Mutations.....
...............................................

35

Figure 7. Raw ESI-MS Spectrum and Corresponding Results for Untagged AtacN...... 36
Figure 8. Representative CD spectrum of Tagged AtacN (185-260nm )..........................38
Figure 9. CD Spectra Comparison Among AtacN and Aligned PHD Domains..............40
Figure 10. Comparison of AtacN Spectra at Different Temperatures...............................43
Figure 11. Thermal Melt Experiment and Coinciding Melting Curves for AtacN and
AtacN-H3K36 Complex..................................................................................... 47
Figure 12. Qualitative Evidence for AtacN and AtacN-H3K36 Complex Aggregation....
................................................................................................................................ 49
Figure 13. Qualitative and Quantitative Descriptions of Chymotrypsin Digestion of
Heated and Non-heated AtacN...........................................................................50
Figure 14. DSC Scans of Thermal Unfolding for Tagged and Untagged AtacN.............52
Figure 15. Modelled AtacN PHD domain and Solution Structures of Aligned PHD
Domains................................................................................................................ 55
Figure 16. AtacN Binding Specificities and Affinities....................................................... 57
Figure 17. Identification of AtacN as a Ptdlns Binding Partner.........................................60

IX

Abbreviations
Amino Acids
Ala (A) - alanine
Arg (R) - arginine
Asn (N) - asparagine
Asp (D) - aspartic acids
Cys (C) - cysteine
Gin (Q) - glutamine
Glu (E) - glutamic acid
Gly (G) - glycine
His (H) - histidine
lie (I) - isoleucine
Leu (L) - leucine
Lys (K) - lysine
Met (M) - methionine
Phe (F) - phenyalanine
Pro (P) - proline
Ser (S) - serine
Thr (T) - threonine
Trp (W) - tryptophan
Tyr (Y) - tyrosine
Val (V) - valine
P-me - p-mercaptoethanol
AIRE - autoimmune regulator
Apr - aprotinin
ATAC - Ada2a-containing
AtacN - plasmid with amino acid 2 to 223 of Atac within a pHIS vector (6x-his tag)
AtacN-PHD - PHD domain of AtacN
Benzo - 4-Aminobenzamidine dihydrochloride
BSA - bovine serum albumin
CD - circular dichroism

x

CRP2 - cysteine-rich protein 2
CRP2BP - cysteine-rich protein 2 binding partner
DSC - differential scanning calorimetry
E. coli - Escherichia coli
EDTA - ethylenediaminetetraacetic acid
FYVE domain - Fabl, YOTB, V acl, and EEA1 domain
GNAT - Gcn5-related A-acetyltransferase domain
H3K36 - histone 3 lysine 36
H3K36me3 - trimethylated histone 3 lysine 36
H4K20 -histone 4 lysine 20
H4K20me3 - trimethylated histone 4 lysine 20
HAT - histone acetyltransferase
hAtac - human Atac
His - HisTrap HP column
ING2 - Inhibitor of growth protein 2
ING2-PHD - PHD domain of ING2
k/o - knockout
K q- binding affinity value
IPTG - isopropyl (3-D-l-thiogalactopyranoside
LB - lysogeny Broth
LC-MS - liquid chromatography-mass spectroscopy
LIM domain - Lin-1 l,Isl-l, Mec-3 domain
meO, m el, me2, and me3 - non-, mono-, di-, and tri-methylated
MHC - novel multiprotein HAT complex (mouse)
MRE - mean residue ellipticity (0-cm2/dmohresidue)
MS - mass spectroscopy
MW - molecular weight
O/N - overnight
PBS - phosphate buffered saline
PE - polyethyleneamine
PHD - plant homeo domain

xi

PI(s) - phosphatidylinositol
Ptdlns(3,4,5)P3 - phosphatidylinositol 3,4,5-triphosphate
PtdIns(4,5)P2 - phosphatidylinositol 4,5-bisphosphate
PIPE - polymerase incomplete primer extension
PMSF - phenylmethanesulfonyl fluoride
Q - HiTrap Q HP column
RAG2 - Recombination activating gene 2
SCID - severe combine immunodeficiency
TBP - to be published
TBST - tris-buffered saline and tween-20
TEV - Tobacco Etch Virus protease
Tm - melting temperature
V8 - Staphylococcus auerus V8 protease

xii

1

CHAPTER ONE: INTRODUCTION
1.1 Discovery of CRP2BP (Atac)
A yeast-two hybrid experiment revealed that Cysteine-Rich Protein 2 Binding
Partner (CRP2BP), referred to as Atac in this study, bound cysteine-rich protein 2
(CRP2), a double Lin-1 l,Isl-l, Mec-3 (LIM) domain protein (Weiksirchen and Gressner
2000). To date, there is/are no known function(s) for Atac in vivo, but speculations have
been made as to its function based on its interaction with the first LIM domain of CRP2
(Weiksichen and Gressner 2000).

LIM domains are motifs that act as protein-protein

modules and contain a double zinc-binding finger, whose zinc ligation pattern differs
from other zinc-binding modules, such as the plant homeodomain (PHD domain) (Figure
1) (Schallus et al 2009; Bienz 2006). CRP2 traffics between the cytoskeleton and the
nucleus, which implicates it in cell proliferation regulation and protein-protein interaction
coordination (Schallus et al 2009; Weiksirchen and Gressner 2000).
Atac is a 782 amino acid human protein that spans a 45kbp region on
chromosome 20, and whose mRNA transcripts were found in many adult cell types, such
as heart, skeletal muscle, brain, and liver cells, to name a few (Weiksirchen and Gressner
2000). Sequence alignments have predicted three specific domains within Atac: PHD
domain, DNA-binding domain, and a Gcn5-related A-acetyltransferase (GNAT) domain
(Figure 2).

In a double transfection experiment, Weiksirchen and Gressner (2000)

showed that Atac is mainly localized in the nucleus. Atac has homologs in fruit fly
(Atac2) and mice (Atac2) that may implicate Atac in a different in vivo function than
suggested by its interaction with CRP2.
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LIM Domain

PHD Domain
Loop2

Loopl

Loop2

Figure 1. Zinc Ligation Patterns for LIM and PHD Domains

Both LIM and PHD domains are zinc-binding modules, but the differences in zinc
arrangement results in dramatically different three-dimensional structures, which are
critical for domain functionality. The LIM domain uses a sequential ligation scheme,
while the PHD domain uses a cross-brace ligation scheme (similar to RING domain
topology). The number associated with each cysteine (C) and histidine (H) is the order in
which they appear in the consensus sequence in an N- to C-terminus fashion. The four
residues surrounding each zinc ion corresponds to the residues that coordinate it.
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------------- (D-c)-----O ----- ^=i>---Figure 2. Schematic Representation o f Atac Domain Alignments

Schematic of Atac domains, as predicted through sequence alignments:

Plant homeo

domain (PHD; amino acids L50-T123), DNA-binding domain (DNA; amino acids T123K208), and histone acetyltransferase domain (HAT; amino acids P600-R782). Regions
with hatch marks are predicted to contain no domains and be disordered (T223-V463) or
have been found in this study (D2-L50) to be disordered. Sequence o f the PHD domain
(L50-T123) is displayed with its secondary structure prediction below, where arrows
denote (3-sheets and cylinders denote a-helices.

The PHD domain o f Atac has been

predicted to contain three p-sheets (amino acids S74-F76, D99-S107, and Q116-R119),
and two a-helices (amino acids M69-E70, and I84-L89).
involved in zinc coordination within the PHD domain.

Highlighted cysteines are
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1.2 Atac Homologs
1.2.1 Fruit Fly (Drosophila melanogaster)
Suganuma et al (2008) showed that Atac2 is a subunit in a large multiprotein
Ada2a-containing (ATAC) complex, which is an essential histone acetyltransferase
(HAT) complex that has roles in both histone modification and nucleosomal remodelling.
Atac2 homozygous knockout (k/o) flies did not survive beyond the second instar larvae
stage and showed reduced levels of acetylation on histone H4 lysine 16 (H4K16)
(Suganuma et al 2008). The inability for Atac2 homozygous k/o flies to develop implies
that Atac2 is important for survival and viability, but it is unclear what capacity,
enzymatic or structural, Atac2 satisfies.

1.2.2 Mice
Unlike its counterpart in fruit flies, the function of Atac2 in mammalian systems
has been elusive, until recently. In mice, Atac2 associates with proteins that are part of a
novel multiprotein HAT complex (MHC), which is reminiscent of fruit fly Atac2’s
association to a chromatin remodelling complex (Guelman et al 2009; Suganuma et al
2008). Within the context of the MHC, Atac2 played a dual role: catalytic and structural
(Guelman et al 2009). Firstly, Atac2 exhibits weak acetyltransferase activity showing
preference for histone H3 and H4, which is vital to chromatin metabolism, embryonic
viability and cell cycle progression (Guelman et al 2009). Atac2 also plays an important
role in maintaining the structural stability of the MHC, thereby acting as an adaptor
protein (Guelman et al 2009).

Fulfillment of these two roles is a requirement for

embryonic development, viability and survival and was demonstrated by Atac2
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homozygous k/o mice, which showed a decrease in acetylation of specific lysine residues
(Guelman et al 2009). It is unclear whether survivability is related to the loss of Atac2
HAT activity or the loss o f protein-protein interactions (architectural stability) provided
by Atac2 to the MHC.

In general, both Atac homologs are associated with large

multiprotein complexes and are involved in histone modification, which implies that
human Atac (hAtac) may also partake in similar functions.

1.3 Epigenetics and Its Impact
Nucleosomes, comprised of 146 base pairs of DNA wrapping around eight
histone proteins that make up a core, are primary targets for chromatin structure
regulation (Luger et al 1997).

Histones can either promote DNA packaging into

heterochromatic structures, where DNA is largely inaccessible, or euchromatic structures,
where DNA is accessible to transcription factors and proteins that act upon chromatin.
The form which DNA takes is dependent on at least one of the following processes: ATPdependent chromatin remodelling, the incorporation of histone variants, and covalent
histone modifications on N-terminal tails protruding from histone proteins (Allfrey et al
1964).
Epigenetics refers to changes in gene expression caused by mechanisms other
than changes in the DNA sequence.

Post-translational modifications to histone tails,

which act as docking sites for chromatin-binding/reader domains, is an important
mechanism through which epigenetics is achieved (Allfrey et al 1964). In general, it has
been found that acetylation of tails tends to promote euchromatin formation and
methylation tends to promote heterochromatin formation, where histone H3 and H4 are
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Figure 3. Post-translational Modifications of Human Histone H3 and H4
N-terminal methyl-lysines, which are a common ligand for PHD domains, are
predominately found on histone H3 and H4.

The post-translational modifications of

histone H3 and H4 shown above include acetylation (ac), méthylation (me), and
phosphorylation (ph).

Alternative modifications have been shown to illustrate that

proteins that enzymatically modify chromatin need to compete for their substrates since
many residues can be modified in more than one way.

In addition, this figure

demonstrates that modifications at neighbouring residues, which could be on the same or
on a different histone, can decrease the spatial accessibility of other proteins to their
target residues. Most known histone modifications occur on the N-terminal tails, but
modification to the globular domain o f histone H3 has been shown on lysine 56 and
lysine 79. Globular domains of histones are represented as white circles with either an
inscribed H3 or H4.
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the predominant histones modified by méthylation and can be mono-, di-, and trimethylated (Figure 3; Strahl et al 1999). The generalized effect of acetylation and
méthylation on histone tails may not always hold true because the formation of
euchromatic and heterochromatic DNA also depends on which specific residues are being
modified and the modification status of neighbouring residues (Strahl and Allis 2000).
The interpretation of multiple histone modifications, which act in a combinatorial or
sequential fashion on one or more histone tails, specifies the downstream functions
carried out by proteins that recognize these modifications: this is referred to as the
‘histone code’ (Strahl and Allis 2000). That is to say that, for example, méthylation at
one site can be linked to condensation, but when that same methylated residue is in the
context of many other modifications the read-out of downstream events may be
completely different.
Modifications to histone tails can affect the DNA accessibility through various
means. Firstly, modification, especially acetylation, of histone tails is important in the
formation of higher-order chromatin structures (Carruthers et al 1998).

Secondly,

modifications of histone tails can also affect which proteins recognize and eventually act
upon chromatin (Rutherburg et al 2007; Kouzarides 2007). It is important to note that a
modification at one site may increase/decrease the rate or efficiency with which the
second enzyme acts upon chromatin by either enabling or disabling the use of its docking
site (histone tail), which is especially true for proteins with reader domains (Strahl and
Allis 2000).

Covalent modifications on histone tails have been linked to genomic

stability, transcriptional regulation and development (Bhaumik et al 2007; van Lohuizen
et al 1998; Biron et al 2004).

Inappropriate modification of histone tails and/or
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inappropriate reading of these modifications by reader domains are associated with
disease, such as human cancers (Bhaumik et al 2007; Fraga et al 2005). One important
class o f chromatin-reading domains is the plant homeo domain (PHD), which associates
with chromatin (Li et al 2006).

1.4 Plant Homeo Domain (PHD)
1.4.1 Characterization of PHD and PHD-containing proteins
Reader domains, such as the PHD domain, recognize and bind modified forms of
histone tails, thereby acting as adaptor proteins by spatially restricting the protein itself
and/or its associated proteins (Seet et al 2006). The PHD domain is found in over 150
eukaryotic proteins that are predominately classified as nuclear proteins involved in
chromatin modification (Aasland et al 1995; Ragvin et al 2004). PHD domains are 50100 amino acids in length and have a characteristic cysteine spacing, which promotes the
coordination of zinc (Aasland et al 1995). PHD domain binding specificity and roles in
diverse molecular functions relating to chromatin may be related to their diverse primary
sequences; while secondary structure conservation allows for a general mechanism for
ligand binding, which explains why many PHD domains have a common set of ligands
(Matthews et al 2007; Ragvin et al 2004).
Out o f 150 proteins found to possess one or more PHD domains there have been
two common ligands: histone tails and phosphoinositides (Ptdlns) (Shi et al 2006; Lan et
al 2007; Gozani et al 2003). The most common histone ligands contain methyl-lysine
residues, while monophosphorylated Ptdlns are the most common Ptdlns species (Li et al
2006; Wysocka et al 2006; Gozani et al 2003).

PHD domains demonstrate a high
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specificity and micromolar binding affinity for their histone ligands, which may be
facilitated by associations with multiprotein complexes (Franke et al 1992; Xiao et al
2001; Vermeulen et al 2007). Like Atac, PHD-containing proteins that have enzymatic
domains, such as acetyltransferase (GNAT) and demethylase (jumonji C) domains, tend
to function in histone modification: this connection may imply a link between histone
methylation and acetylation/deacetylation (Zhang et al 2008; Kalkhoven et al 2002;
Horton et al 2009; Pray-Grant et al 2005). In general, PHD domains are thought to act as
reader domains that translate epigenetic markers into meaningful biological consequences
either by acting on chromatin itself via its associated enzymatic domains or by recruiting
other proteins/transcriptional factors to chromatin (Ruthenburg et al 2007).

1.4.2 Importance of PHD-Containing Proteins
Interactions between PHD domains and histone tails/multiprotein complexes play
a basic and essential roles in processes required for normal functioning cells (Capili et al
2001).

It seems that PHD-containing proteins play an “effector” role in reading

epigenetic markers and recruiting transcriptional factors/proteins that enzymatically
modify chromatin (Ragvin et al 2004). Inappropriate interpretation of the histone code
and, furthermore, inappropriate responses to these markers can induce apoptosis and even
oncogenesis (Wang et al 2009). Mutations within the PHD domain of some proteins
have proven to be highly pathogenic (Capili et al 2001). Some examples of PHD domain
mutations can include: a single mutation to residues important to the peptide-binding
region, deletion of the entire PHD domain, or mutations that cause misfolding of the PHD
domain. Examples of PHD mutations found in human pathology are found in Severe
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Combined Immunodeficiency (SCID) and Omenn syndrome, where recombination
activating gene 2 (RAG2)-PHD domain mutations have been linked to these diseases
(Villa et al 2001).

The severity of clinical symptoms for SCID/Omenn syndrome is

associated with the decreasing ability of the PHD domain to interact with its histone
ligand, H3K4me3 (Villa et al 2001).

Other clinical manifestations linked to PHD

mutations are mental retardation and cancers: providing evidence for the vast array of
cellular processes PHD-containing proteins are involved in (Gibbons et al 2000; Moore et
al 2007).

1.5 PHD Ligand Recognition and Binding
1.5.1 Histone tails
PHD domains have two possible ligands, histone tails (chromatin) and/or
phosphoinositides: how are these modules recognized and does binding to one module
exclude binding from the other? Upon interacting with a histone ligand, PHD domains
do not undergo an overall conformational change (Wang et al 2009). Rather, a ligand fits
into an aromatic ‘channel’ or, more commonly, ‘cage,’ where two to four aromatic
residues directly interact with the incoming ligand (Matthews et al 2007; Ruthenburg et
al 2007). Structural components involved in creating a peptide-binding channel/cage are
a two-stranded anti-parallel p-sheet and a central a-helix (Wang et al 2009).

This

structural arrangement is, most often, employed by PHD domains with a preference for
trimethylated lysine residues (Ruthenburg et al 2007). Many groups have demonstrated
that mutating any of the aromatic residues involved in the peptide-binding core
completely abolishes binding to the histone residues (Matthews et al 2007; Wang et al
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2009).

Interactions between a specific histone residue and its corresponding PHD

domain involve binding to the modified residue itself, namely trimethylated lysines,
along with interactions with one to two flanking residues (Pena et al 2006; Li et al 2006).
Interactions with flanking histone residues are meant to stabilize the histone peptide in
the binding channel/cage (Ramon-Maiques et al 2007). Typical in vitro binding affinities
of PHD domains for histone peptides are in the range of l-40pM with methyl-lysine
binding ranging between 1-lOpM (Tavema et al 2007).

It is suspected that in vivo

enrichment of localized proteins in cellular compartments and/or multiprotein complexes
increases the availability of interactions between PHD domains and histone residues
(Vaynberg et al 2005).
There are many aspects important to ligand discrimination that exist outside of the
distinctive folds of the PHD domain. One of these aspects is the sequence environment
of the intended histone target and PHD domain, where acidic residues preceding the PHD
domain aid in binding (Li et al 2006; West et al 2005). In addition, combinations of
modifications to neighbouring or distal residues may have synergistic or antagonist
effects on histone recognition (Ramon-Maiques et al 2007). For example, for some PHD
domains with H3K4 as their ligand, different methylation states of H3R2 regulate the
ability o f the PHD domain to interact with H3K4 (Ramon-Maiques et al 2007; Iberg et al
2008). Recognition of histone peptides by the PHD domain is important to fulfill their
role as reader domains and localize PHD-containing proteins to specified DNA sequences
(Wen et al 2010). In addition, Li et al (2007) showed that this binding is also required
for facilitating the enzymatic activity of PHD-containing proteins’ associated catalytic
domains.
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1.5.2 Phosphoinositides
There have been increasing accounts of interactions between PHD domains and
Ptdlns. Gozani et al (2003) found that the PHD domain of inhibitor of growth protein 2
(ING2) functioned as a nuclear Ptdlns receptor, but a later study by Kaadige and Ayer
(2006) disputed this fact by demonstrating that a polybasic region C-terminal to the PHD
domain was responsible for the Ptdlns interaction.

Not all PHD domains possess a

polybasic region, but those that do seem to interact with Ptdlns.

Kaadige and Ayer

(2006) found that the polybasic region alone is sufficient for Ptdlns binding, but that the
PHD domain may play an ancillary role by functionally presenting the polybasic region
through the proper folding o f its domain. Ptdlns binding is not simply a charge-charge
interaction between the acidic head group of the Ptdlns and the positively charged amino
acids, but rather the sequence of the polybasic region is important for specificity
(Kaadige and Ayer 2006).

In addition, the length of the polybasic region seems to

correlate with the strength of Ptdlns binding (Kaadige and Ayer 2006).
While other Ptdlns-binding domains, such as the Fabl, YOTB, Vacl, and EEA1
(FYVE) domain, have demonstrated specificity and consistent affinity, the tested PHD
domains have shown neither clear binding preferences, nor consistently strong binding
affinities (Pascual et al 2000; Gozani et al 2003).

Weak binding between the PHD

domain and their Ptdlns partners may result from transient associations, suggesting that
these

interactions

may

be

regulated

by

the

presence

of

densely

localized

phosphatidylinositols (Pis) and PI kinases (Mortier et al 2005). It has been suggested
that binding of PHD-containing proteins to Ptdlns might mediate their nuclear
localization (Gozani et al 2003). Vann et al (1997) showed that after nuclear membrane
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removal, ~50% of Pis remained, implying they were non-membrane bound. Some of
these non-membrane bound Ptdlns associate with chromatin, which was supported by
Gozani et aTs (2003) discovery o f the chromatin regulatory factor, ING2, which interacts
with nuclear Ptdlns (Rose and Frenster 1965).

Since Ptdlns and histone tail binding

within the same PHD-containing protein seems to function independently, it seems as
though there may be a connection between lipid-signalling and histone modification/gene
regulation.

1.6 Possible Link Between Lipid-Signalling and Gene Regulation
PHD-containing

proteins

are

primarily

nuclear

proteins.

Nuclear

PI

concentrations are very low. How does one reconcile these two facts, yet acknowledge
that there is significant binding between PHD domains and Ptdlns? Within the context of
the nucleus, Ptdlns levels are almost undetectable unless responding to signalling, as in
cell-cycle progression (Pendaries et al 2005).

In general, Ptdlns have been found to

modulate cellular signalling pathways by spatially and temporally regulating localization
and, sometimes, inducing conformational changes to their intended target protein
receptors (Payrastre et al 2001). Through localization and conformational regulation,
Ptdlns create microenvironments that facilitate interactions between two proteins and/or a
protein and a molecular complex (Elkin et al 2005).
Capitani et al (1986) showed that addition of phospholipids to purified nuclei can
affect in vitro transcription and replication of DNA. Ptdlns make ideal candidates for
transcriptional regulation because they undergo rapid alterations in species and are
temporally and spatially regulated (Gozani et al 2003). A specific example of Capitani et
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aVs (1986) observation is seen with ING2. Gozani et al (2003) found that ING2, a PHDcontaining protein, association with phosphatidylinositol 5-phosphate (PI5P) regulated
the interaction between ING2 and chromatin, and also showed co-localization of PI5P
and ING2-PHD in vivo.

This example illustrates that PHD-containing proteins are

responsive to Pi-dependent pathways. It seems that PHD domains with potential for
Ptdlns binding may play a mediatory role by transmitting lipid-signalling pathway
“messages” to large multiprotein complexes, which associate with these PHD-containing
proteins and are usually involved in chromatin-modification, and can thereby regulate
gene expression (Kaadige and Ayer 2006).
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1.7 The Scope of Thesis
Although many reader domains have been extensively characterized for their role
in chromatin regulation, less is known about PHD domain interactions with chromatin
and what specific role they play in chromatin regulation. In general, PHD-containing
proteins associate with chromatin and possess a common ligand, but even among the
PHD domains that have been studied ligand specificity, ligand recognition and effects of
their recognition on chromatin regulation are diverse and the mechanisms through which
this occurs is not fiilly understood. Since chromatin regulation is a major mechanism by
which transcription and many other DNA-based processes are regulated, determining the
structural and functional roles PHD-containing proteins play in this process is not only
important but necessary since many of these proteins are linked to human disease.
There is little knowledge about human Atac, apart from the identification of a
binding partner, CRP2, and two homologs found in fruit flies and mice. Therefore, the
goal of this study was to characterize the N-terminal fragment of Atac, AtacN, and
determine whether it shared interactions with common PHD-containing protein ligands:
histones tails and phosphatidylinositols.

AtacN was investigated apart from its other

domains (mainly the C-terminal HAT domain) so as to focus specifically on the effects of
the PHD domain. The objective of this project was to obtain the structure of bound and
unbound AtacN to elucidate the mode through which binding and recognition of its
ligand(s) occurs.
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1.8 Hypothesis
As observed from structural sequence alignments from characterized PHD
domains and Atac homolog functions, it is likely that AtacN possesses a predicted Nterminal PHD domain and functions as a chromatin- and/or phosphoinositide-binding
module.

We propose that AtacN will function as a dual ligand reader and act as a

regulatory domain for Atac. We intend to present evidence that AtacN will bind to a
trimethyl-lysine histone peptide and thereby act as a high specificity reader domain to
facilitate localization of Atac to chromatin. Secondly, we suggest that AtacN will also
bind to phosphoinositides.
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CHAPTER TWO: M ATERIALS & METHODS
2.1 Protein Expression and Purification
A plasmid (AtacN) coding for amino acid residues 2 to 223 of Atac within a pHIS
vector (6x-his tag) was obtained from Dr. Xianjiao Yang (McGill University).

The

AtacN plasmid was transformed into BL21(DE3) pRARE Escherichia coli (E. coli)
competent cells using standard methods outlined by Sambrook et al (1989).

Freshly

transformed plates were washed in Lysogeny Broth (LB) and transferred to LB media
supplemented with ampicillin and chloramphenicol. Bacteria were grown in 1L flasks at
37°C, then induced with 0.5mM isopropyl p-D-l-thiogalactopyranoside (IPTG), and
grown for 16 hours at 16°C. Cells were harvested the next morning by spinning down
the induced cells using a Beckman JLA-12 rotor for 20 minutes at 6000 rpm. Cells were
then washed and resuspended in harvest buffer (50mM TrisHCl pH 7.5 and 150mM
NaCl) and spun again using a Tomy AR 500-04 rotor for 10 minutes at 7000 rpm.
Harvest buffer was removed after the spin, and the pellet was stored at -80°C for later
use. All other AtacN truncations and mutants were grown in a similar fashion, unless
otherwise noted (Table 1).
AtacN was purified by resuspending cell pellets in cell lysis buffer (50mM
TrisHCl

pH

7.5,

500mM

NaCl,

10% glycerol,

lOmM

imidiazole,

5mM

P-

mercaptoethanol (P-me), ImM phenylmethanesulfonyl fluoride (PMSF), ImM aprotinin
(Apr), and ImM 4-Aminobenzamidine dihydrochloride (Benz)). Resuspended cells were
lysed by passing them three times through the French pressure cell at 10,000 psi. Five
percent polyethyleneamine (PE) was added to lysed cells for a final concentration of
0.01% and shaken on ice for 30 minutes, then ultracentrifuged at 38000 rpm in a
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Table 1. List of Attempted Constructs, Their Properties, and Expression and Purification
Protocols

AtacN Construct
D2-T223
D2-P214
D2-E195
D44-S140
L50-T223
L50-P214
L50-K208
L50-V128
N60-K169
G64-K208
AtacN Mutant 1
(K114A, E115A, and
Q116A)
AtacN Mutant 2
(K215A, K217A, and
K218A)
AtacN Mutant 3
(K168A and K169A)

MW (da)
28969
26766
24671
13729
23152
21756
21597
11803
15683
20297
28797

Pi
4.9
5.0
4.8
4.8
6.0
6.3
5.9
5.1
6.1
6.7
4.9

Induction
O/N16°C
O/N 16°C
4 hr 37°C
O/N16°C
4 hr 37°C
O/N 16°C
O/N 20°C
O/N 16°C
O/N 16°C
O/N 16°C
O/N16°C

Purification Steps
His, Qi, and Q2
His, Qi, and Q2
His, Qi, and Q2
His, Qi, and Q2
His, Qi, and Q2
Hisi and His2
Hisb Dialysis, Q2
His, Qi, and Q2
Hisi and His2
Hisi, Dialysis, His2
His, Qi, and Q2

Yield
(mg/L)
9
5.5
1*
3.5
7
1-2*
3
2.5
2.5
5.5
7.5

28796

4.9

O/N 16°C

His, Qi, and Q2

7.5

28855

4.7

4 hr 37°C

His, Qh and Q2

1-2

D2-T223 is the original AtacN construct and from which all other constructs were
derived from. These constructs were designed based on secondary structure, disorder
predictions and experimental data. All above constructs required a 4 hour growth period
before OD 600 reached 0.6-0.7 and were induced with the procedure listed above.
Columns used during the purification process for each construct are listed under
“Purification Steps” with an extra O/N TEV digestion step between Qi/Hisi and Q2/His2,
which is not mentioned in the table above but described here for clarification. If the TEV
digestion was accompanied with another step, such as dialysis, that step will be
mentioned above but the O/N TEV digestion is assumed. Yields marked with asterisks
have a low yield either because of poor expression or solubility. Molecular weights of
constructs include the 6x-histidine tag.
MW= molecular weight in daltons; 0/N = overnight; His= HisTrap HP column; Q=
HiTrap Q HP column.
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Beckman Ti-45 rotor for 50 minutes at 4°C to remove DNA contaminants. Supernatant
was loaded onto a HisTrap HP 5mL column (GE Healthcare) and purified according to
manufacturer’s instructions. Proteins were eluted using 300mM imidiazole and collected
in lmL fractions for lOmL. Each fraction was checked for the presence of protein by
blotting 1pL from each fraction onto filter paper and staining it with Commassie Brilliant
Blue R-250 dye, where dark blue dots indicated protein presence.

Those fractions

containing protein were collected and diluted using Q Buffer A (20mM TrisHCl pH 7.5,
5% glycerol, and ImM DTT) to 200mM NaCl prior to loading onto a pre-equilibrated
HiTrap Q HP column (Amersham Biosciences). AtacN was eluted off the HiTrap Q HP
column with a salt gradient of 200mM to 300mM NaCl over 30 minutes.

AtacN was

either concentrated (tagged AtacN) at that point or subjected to an overnight (~16 hrs)
TEV protease digestion (1 TEV: 50 protein), where pooled AtacN Q column elutions
were diluted with Q Buffer A to lower the salt concentration to lOOmM NaCl. The next
morning, digested AtacN was then loaded onto the pre-equilibrated HiTrap Q HP
column, eluted with a salt gradient o f lOOmM to 300mM NaCl and concentrated
(untagged AtacN).

Protein concentration was determined spectrophotometrically

(UV 280), using an extinction coefficient of e= 2.236 • 104 M '1 cm’1 for tagged AtacN and
e= 2.262 • 104 M '1 cm '1 for untagged AtacN.

2.2 Crystallization Attempts
AtacN, AtacN truncations (Table 1), and AtacN surface entropy mutants (Table 1)
were purified to homogeneity and used for crystallization trials within a week of the final
purification step. The attempted screening conditions were similar for every construct.
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In general, crystallization screening was carried out using a hanging-drop vapourdiffusion method, where the following commercially available screening kits were used:
PEG/Ion (Hampton Research), PEG MME (Hampton Research), Index 1-96 (Hampton
Research), Crystal Screen

1&2 (Hampton Research), JBScreen HITS II (Jena

Bioscience), and Wizard I&II (Emerald BioStructures).

Various concentrations of

proteins (5-15mg/mL), mixtures with chymotrypsin/trypsin (1 protease:50 protein),
mixtures with H3K36/H4K20me3 (molar ratio of 1:1, 1:1.5, 1:2 of protein: peptide), and
temperatures (4-23°C) were attempted in order to produce a useable crystal. Both histone
peptides, H3K36 (PATGGVKKPHRYR) and H4K20me3 (GAKRHR(Kme3)VLRDNI),
were kindly provided by Dr. Shawn Li (UWO).

2.3 Predictions and Sequence Alignment
The secondary structure of AtacN was predicted using the server PSIpred (Bryson
et al 2005). A disorder prediction of AtacN (untagged) was done using PONDR (Li et al
1999).

A sequence alignment was done using the HHPred server, which identified

homologous sequences with known structure (Soding et al 2005). Personal refinements
were made in JalView.

2.4 Limited Proteolysis
Untagged AtacN (21pM) was digested for 5.5 hours using Staphylococcus auerus
V8 protease (V8) and chymotrypsin with a 1 protease: 100 protein ratio. Chymotrypsin
digestion was carried out at room temperature and V8 digestion was done at 37°C in a
water bath. Different buffers were used to dilute each protease and corresponding AtacN

21

sample in order to increase protease digestion effectiveness, where the buffers used went
as follows: (A) lOOmM TrisHCl pH 7.8 and lOmM CaCB for chymotrypsin digestions,
and (B) 125mM TrisHCl pH 6.8 and ImM EDTA for V8 digestions. The samples were
frozen at -80°C to quench proteolytic activity and then sent to mass spectroscopy to be
analyzed by liquid chromatography-mass spectroscopy (LC-MS) on a Qtof mass
spectrometer using a positive ion nanospray mode.

2.5 Construct Design (PCR)
AtacN constructs (truncations or mutants) were designed with the aid of
secondary structure prediction, sequence alignment, and limited proteolysis results. All
truncations were cloned into the pMCSG vectors using the polymerase incomplete primer
extension (PIPE) method as outlined by Klock et al (2007). Once primers for AtacN
truncations were designed, the same PCR products used for insertion into one pMCSG
vector could be used for all the other pMCSG vectors. Mutations were introduced to
sequenced plasmids using QuikChange® site-directed mutagenesis methods, which were
carried out as outlined in the instruction manual ( STRATAGENE).

2.6 Zinc Determination
After following the described purification protocol, untagged AtacN was prepared
for mass spectroscopy (MS) analysis by exchanging its high salt (300mM NaCl) buffer
three times, where each time AtacN was diluted by 10-fold using 50mM ammonium
acetate in a Vivaspin 6 ultrafiltration device with a lOkDa cut-off (GE Healthcare).
Buffer exchanged AtacN was sent for electrospray ionization MS (ESI-MS), which was
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performed on a Micromass QTOF Micro mass spectrometer and whose data was acquired
using MassLynx 4.1 (Waters).

2.7 Calorimetric Analysis
Differential scanning calorimetry (DSC) was performed on MicroCal VP-DSC
running VPViewer data acquisition software.

Tagged (26pM) and untagged (46pM)

AtacN samples were dialyzed twice overnight and once all day against three litres of
dialysis buffer (20mM NaH2P 0 4 pH 7.5, 50mM NaCl, and 0.5mM DTT) at 4°C. After
the third dialysis, 50mL of dialysis buffer was removed, filtered using an acrodisc 13mm
syringe filter with 0.45pm supor membrane, and degassed using a MicroCal ThermoVac
before running an overnight buffer-buffer scan to determine a baseline, which was
subtracted from the sample run to generate scans for analysis. Before AtacN was applied
to

the

DSC,

AtacN

was

filtered

using

the

same

filter as

aforementioned,

spectrophotometrically checked for concentration, and degassed prior to loading. Once
three buffer-buffer scans overlapped one another, AtacN was loaded into the sample cell
and two buffer-protein DSC scans were taken to check reversibility starting at 10°C and
ending at 90°C with a rate of 60°C/hr. Scans for AtacN were analyzed using baseline
subtraction with progressive connect and manual adjustment, followed with fitting the
resulting excess specific heat capacity to the non-two state monomer unfolding model.
From the fitted data, one could ascertain absolute ACp (cal/°C) using the following
equation:
ACP= go-p(t)-Vo(l+0.00002t) • [(Cp(t)-v(l+ot)-Cw (t)]
Protein volume= (1.21 • MW) A3/molecule
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v = MW/ Protein volume,
where g0= concentration of protein (g/mL) in solution; p(t)= relative density of water
(g/mL); V o - nominal volume in sample cell (ml); t= temperature (°C); Cp(t)= absolute
heat capacity (cal/°C/mol) of protein in solution; v= partial specific volume of protein
(mL/g); a= coefficient of thermal expansion of protein (°C); Cw (t)= unit-volume heat
capacity o f water (cal/°C/ml)

2.8 Spectroscopic Analysis
2.8.1 Sample Preparation and Circular Dichroism (CD) Measurements
CD spectra were obtained for solutions containing 5-50pM of AtacN in lOmM
NaH^PCU, 150mM NaF, ImM EDTA, and 0.1% (3-me, unless otherwise specified.
Spectra were recorded in millidegrees (mdegs) and taken at 20°C on a spectropolarimeter
(Jasco, Model J-810) equipped with a stress-plate modulator continuously purged with
dry nitrogen. Spectra of 3-6 scans were accumulated between 185-260nm using a 0.1 or
0.01 cm path length and 20nm/sec scanning speed. A buffer spectrum was obtained to
act as a baseline and was later subtracted from protein spectra.

Spectra of AtacN

subjected to different temperatures (20-100°C) were under identical experimental
conditions, aside from a temperature difference, as described above.

Spectra were

baseline-corrected and smoothed using Jasco 3.0 Spectra Analysis software.

Mean

residue molar ellipticities were calculated based on AtacN concentration, mean residue
weight, and the path length:

0mre = 6 • MRW
10 • i • c
MRW = MW
n,
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where 0= measured ellipticity (millidegrees); MRW= mean residue weight; 1= path
length (cm); c= concentration (mg/mL); MW= molecular weight (daltons); n= number of
residues

2.8.2 Heat-Induced Transition of AtacN
CD spectra were obtained for solutions containing 9pM of tagged AtacN
monitoring one wavelength (216nm) over a range of temperatures.

The temperature

ranged between 20°C and 100°C with a rate of l°C/min using a path length of 0.1 cm. A
spectrum accumulated over 4 scans between 190nm-260nm was performed before and
after the thermal melt experiment, where AtacN was given 15 minutes to recover from
exposure to high temperatures before an “after” spectrum was taken.

The same

experimental procedures were executed for CD spectroscopic measurements of tagged
AtacN-H3K36 complex (9:19pM) with the addition of a pre-incubation step (proteinligand mixture sat on ice for 30 minutes) before the start of the experiment and addition
of H3K36 (19pM) to the buffer spectra. Melting curves and Tm values were generated
by fitting data using Prism 3.0 (GraphPad Prism 3.0 software Inc., San Diego, CA) with a
nonlinear least-squares fit assuming a two-state behaviour according to the following
equation (provided by Dr. Gary Shaw, UWO, based on the Gibbs-Helmoltz equation):
y= yf(l-Fu)+Fuyu
F„= exp(AG/-RT)
l+exp(AG/-RT)
AG= AH(1-T/Tm)+ ACP [(T-Tm)-T-ln(T-Tm)], where assumed ACp=0
yr= y0+m0T
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yu= yt+mtT,
where y= ellipticity measured; AH= enthalpy at unfolding transition; ACP= heat capacity
of protein; Tm= melting temperature; T= temperature (K); R= universal gas constant; y0
and m0= pre-transition intercept and slope; yt and mt= pre-transition intercept and slope.

2.8.3 Generation of CD spectra for Known PHD domains
AtacN CD spectra were compared with known PHD structures (PDB entries 3kqi,
3kv5, 2vpb, lwem, 2kgg, and 2k 16), which aligned with AtacN. CD spectra for known
PHD structures were generated by using the program “Dichrocalc” (Bulheller and Hirst
2009), where the input is a PDB file and the output is a Jasco 3.0 CD file.

2.8.4 Quantitation of Secondary Structure Analysis
The secondary structure components of AtacN were predicted from CD spectra
between 185-260nm with the algorithms CDSSTR, CONTIN, and SELCON 3 (Johnson
1999; Sreerama and Woody 1993; Provencher and Glockner 1981). Each algorithm used
two reference sets (6 total sets of predictions) and then these six sets of secondary
structure predictions were averaged over each structural component and its standard error
was calculated.

2.9 Aggregate Detection
2.9.1 Protease Resistance
The same limited proteolysis procedure using chymotrypsin was carried out as
aforementioned, with two exceptions.

Firstly, the 50pL samples of tagged AtacN
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(21 kiM) were pre-heated for 30 minutes at 70°C and then underwent digestion, and,
secondly, mixtures of AtacN and chymotrypsin were digested for 6 instead of 5.5 hours.
The digestion samples were run on an SDS-PAGE gel and digestion products were
compared to consecutively digested, non-heated samples, where the AtacN band intensity
was measured and compared using ImageJ (Abramoff et al 2004).

2.9.2 Gel Filtration Chromatography
Two samples of AtacN were run through a Superdex 75 10/300 GL column
(Amersham Biosciences), where the elution profiles between the pre-heated and nonheated AtacN samples were compared. First, 50pL of 0.19mM AtacN was applied to the
AKTA FPLC system (Amersham Biosciecnes) with a lOOpL syringe.

Next, the

remaining 50pL of 0.19mM AtacN was diluted by half using sizing buffer (20mM
TrisHCl pH 7.5, 300mM NaCl, 5% glycerol, and ImM DTT) to get a final concentration
of 95 pM. After AtacN dilution, AtacN was subjected to a 20min heating step (70°C)
before loading the sample on the sizing column.

2.10 Homology Modelling
Comparative models of human AtacN PHD domain (residues L50-T123) were
built based on the solution structures of PDB entries 3kqi, 2kgg, lwem, and 2kl6 (Wen et
al 2010; Wang et al 2009; He et al TBP; van Ingen et al 2008) using the MODELER
program (Sali and Blundell 1993). Aesthetic structural manipulation of known structures
and model were done using PDB Protein Workshop 3.9 (Moreland et al 2005).
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2.11 Fluorescence Polarization Measurements
Fluorescein-labelled peptide stocks were diluted in phosphate buffered saline
(PBS) (137 mM NaCl, 2.7mM KC1, 8.1mM NaH2P 0 4, 1.76mM KH2P 0 4 pH 7.4) to give
a final peptide concentration of 30nM.

Five microlitres of the diluted fluorescein-

labelled peptide solution was added to 30pL serial dilutions (0.5-100pM range) of
untagged AtacN (D2-T223), three truncated AtacN (L50-T223, L50-K208, and G64K208), or positive control (JMJD2A) samples, which were pipetted into separate wells of
a reader plate. Plates were spun at 800 RPM for 1 minute using a Beckman Coulter
Allegra X-15R centrifuge and accompanying SX4750 rotor. Polarization fluorescence
measurements were taken using Perkin-Elmer 2103 multilabel plate reader with
excitation set at 480nm and emission at 535nm and detector gain optimization set to
target 250 mP. Binding curves were generated by fitting the polarization fluorescence
data to a one-site specific binding, nonlinear regression model using Prism 3.0 (GraphPad
Prism 3.0 software Inc., San Diego, CA), which also produced the corresponding
dissociation constants (KD) and standard error values.

For comparison between

constructs, binding curves were normalized using max-min normalization utilizing the
equation:
X = ______ Xrms-MinimUITlnRS sft ________
MaximumoBssET- Minimum0BSs e t ,
where X0Bs is the observed data point, Minimum0BS s e t is the minimum data value from
the observed set and Maximum0Bs s e t is the maximum value from the data set.

28

2.12 Protein-Lipid Blot Assay
PIP strips used for the protein-lipid blot assay were purchased from Echelon
Biosciences Inc. (kindly provided by Dr. Christopher Brandi (UWO)). The protein-lipid
blot assay began with incubating the PIP strip in Tris-buffered saline and Tween-20
(TBST) buffer (lOmM TrisHCl pH 8.0, 150mM NaCl, 0.1% Tween-20, and 0.5% fatty
acid-free bovine serum albumin (BSA)) for 1 hr, wherein after the hour time-block PIP
strips were washed three times in TBST and 100pg of 6x-histidine tagged AtacN (D2T223) was added. After an hour protein incubation period, PIP strips were washed three
times in TBST and anti-penta-his antibody (1:4000; Qiagen) was added. After an hour
primary antibody incubation period, PIP strips were washed three times in TBST and
anti-mouse horseradish peroxidise (1: 10000; Promega) was added and used as the
secondary antibody. Once the hour incubation period with the secondary antibody had
elapsed, PIP strips were washed three times in TBST and AtacN interactions with
phospholipid(s) were detected by chemiluminescence (West Pico).
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CHAPTER THREE: RESULTS
3.1 Sequence Analysis
A BLAST search (www.ncbi.nlm.nih.gov/BLAST.cgi) with AtacN identified only
a small number of sequences outside the CRP2BP family with a high sequence identity to
AtacN.

However, AtacN was also subjected to the HHpred program (http://

toolkit.tuebingen.mpg.de/hhpred), which identified more hits.

This is likely because

PHD domains have low sequence identity but higher structure conservation.

Once

sequences were retrieved from the HHpred results, only those sequences with a high
resemblance to AtacN were kept (Figure 4).

Along with constructing alignments, a

secondary structure analysis, based on sequence alone, was performed and the following
structural estimates can be made: 30% a-helical, 13% p-sheet, and 57% coil content.
Simultaneously, AtacN was subjected to a disorder prediction, where it was predicted that
the first 50 amino acids were disordered. In light of this new evidence, the secondary
structure analysis changed in the following ways: 25% a-helical, 11% p-sheet, and 64%
coil content.

3.2 Crystallization Trials and Constructs
AtacN was expressed, purified (>90% pure), and run through a sizing column,
where it was found to be monomeric. Crystallization conditions for tagged and untagged
AtacN constructs were screened with all of the conditions listed under Materials &
Methods. None of these conditions produced a crystal, so new constructs were designed
to improve chances of attaining a diffracting crystal. Firstly, a limited proteolysis
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>Atac QASVDLSHDQSGDSLNSDEGDVSWMEEQLSYFCDKCQKWIPASQLREQLSYLKGDNFFRFTCSDCSADGKEQYERLKLT
> 3 k q i --------SMATVPVYCVCRPYDVTRFMIE--CDACKDWFHGSCVGVEEEAPDIDIYH---CPNCEKTHGKSTLKKKRT
>lwem SGSSGECEVYDPNALYCICRQPHNNRFMIC--CDRCEEWFHGDCVGIARGRLLERNGEDYICPNC-------------> 2 k g g ---------------------------WVQ- -CDGCDEWFHQVCVGVS PEMAENED
YICINCA------------>2kl6 ---------------------------MIG--CDDCDDWYHWPCVGIMAAPPEEMQ
WFCPKC-------------> 2 v p b -------HSSSDPVYPCGICEVNDDQDAIL- -CESCQKWFHRICTGMAYGLLTAEASAVWGCDTC-------------Consensus

C--C------------C--C--- H--C--------------- A-C--C--------------

Figure 4. Sequence Alignment o f AtacN to Other Structurally Known PHD Domains
A structural sequence alignment and secondary structure prediction o f AtacN was
performed using HHPred to find homologous proteins using structurally known domains
as its search template.

In the above alignment, which was personally refined using

Jalview, an asterisk and blue highlight symbolizes a row o f conserved residues and a
cross and pink highlight symbolizes a row o f similar residues. Numbers above residues
in the sequence corresponds with the amino acid number in full-length Atac and a typical
consensus sequence for PHD domains is shown below the alignment. It is important to
note that there is only one grouping o f cysteine residues within the Atac-PHD that
coordinates a zinc molecule, which corresponds to C3 (C77), C4 (C80), C6 (C l06), and
C7 (C l09) residue arrangements in consensus PHD zinc ligation patterns, depicted in
figure 1.
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experiment was performed to identify the boundaries of highly structured areas of AtacN
(Figure 5). From the proteolysis analysis, it was evident that AtacN is very stable, where
even at 5.5 hours of digestion, a large portion of the species was the full-length protein.
Nevertheless, it was important to identify the major digestion products (Table 2). All of
the digestion products, even minor products not shown, had cut sites in the N-terminus
with the furthest extending amino acid being leucine 50. Many constructs were designed
based upon the limited digestion data and secondary structure, disorder, and alignment
predictions: D2-P214, D2-E195, D44-S140, L50-T223, L50-P214, L50-K208, L50-V128,
N60-K169 and G64-K208 (Figure 6B-J).

Along with truncated constructs, surface

entropy mutations were designed by mutating charged residues on the predicted surface
to alanine residues in order to increase the chances of crystallization.

The mutants

designed were: mutant 1 (K114A, E115A, and Q116A), mutant 2 (K215A, K217A, and
K218A), and mutant 3 (K168A and K169A) (Figure 6K-M). No truncated or surface
entropy mutants produced a successful crystal.

3.3 Identification of Zinc Binding
PHD domains are known to coordinate zinc, so it was pertinent to determine if
AtacN coordinates zinc as well.

Untagged AtacN was sent for mass spectroscopic

experiments under denaturing and non-denaturing conditions to determine which metal(s)
is/are present with chelating bonds (Figure 7A-B). The difference in molecular weight
between denatured and non-denatured conditions was 65 daltons, which is equivalent to
one zinc molecule, thereby suggesting AtacN is a zinc-binding protein (Figure 7C).
There were also two AtacN masses with a difference of 76 daltons between the two
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Protease
Time (hrs)

V8 Protease

Chymotrypsin

3.5

4.5

5.5

3.5

4.5

5.5

97kDa
66kDa

ÜM T

45kDa

***

30kDa

20.1 kDa

Figure 5. Domain Boundary Definition of AtacN
Above is an SDS-PAGE gel, which was stained using Commassie Brilliant Blue R-250,
of a time-course from limited proteolysis experiments utilizing chymotrypsin and V8
protease for AtacN digestion in order to define boundaries of its ordered regions. For
both chymotrypsin and V8 protease trials, AtacN is the major band at ~30 kDa under the
heading time(t)= 0. A chymotrypsin and V8 sample (t=5.5) was sent for LC-MS analysis
to identify the molecular size of the major bands.
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Table 2. Analysis of Mass Spectroscopy Data for AtacN Digestion Products

Fragments
Protease

MS Calculated MW of
Digested Products (Da)

Start

End

Predicted MW (Da)

Chymotrypsin

24601.8 ±4.1

L7

T223

24600.3

V8 Protease

21599.03 ±0.17
20931.12 ± 0.16

E35
E41

T223
T223

215797.2
20928.4

Only major products from the AtacN proteolysis experiment (figure 4) were reported
from LC-MS data, where MW denotes molecular weight in daltons.

Start and end

fragments refer to AtacN cut sites, where “start fragment” is a cut-site on the N-terminus
and “end fragment” is a cut-site on the C-terminus. The AtacN cut-sites were determined
by how well the predicted MW, which was calculated by ExPASy proteomics web
server, coincided with the calculated mass spectroscopy masses.

--------------------------------------------------- -------------------------------------------

PZ

Figure 6. Purification Profiles for AtacN Truncations and Surface Entropy Mutations
Nine AtacN SDS-PAGE purification gels were stained with Commassie Brilliant Blue R250 dye. These constructs were designed to improve stability and crystallizability, where
AtacN (D2-T223) (A), D2-P214 (B), D2-E195 (C), D44-S140 (D), L50-T223 (E), L50P214 (F), L50-K208 (G), L50-V128 (H), N60-K169 (I), G64-K208 (J), mutant 1
(K114A, E l 15A, and Q116A) (K), mutant 2 (K215A, K217A, and K218A) (L), and
mutant 3 (K168A and K169A) (M). Final pooled purification products are outlined with
a rectangle.

Each construct was purified as outlined in Table 1.

The following

purification steps are displayed for each construct:
(A) Well 1-7= His; well 8= Q l; well 9-14= Q2
(B) Well 1-4= His; well 5= Ql (flow through); well 6-14= Q2
(C) Well 1-3= His; well 4-6= Q l; well 7= Q2
(D) Well 1-9= His; well 10-13= Q l; well 14-16
(E) Well 1-3= His; well 4= Q l; well 5-14= Q2
(F) Well 1-4= H isl; well 5-7= His2
(G) Well 1= His; Well 2-9= Q2
(H) Well 1-8= His; well 9-11= Q2
(I) Well 1-5= H isl; well 6-8= His2
(J) Well 1-9; H isl; well 10-12= His2
(K) Well 1-3= His; well 4-6= Q l; well 7-9= Q2
(L) Well 1-3= His; well 4-6= Q l; well 7-8= Q2
(M) Well 1-3= His; well 4-6= Q l; well 7-8= Q2,
where His/Hisl= HisTrap HP column, His2= Second HisTrap HP column after O/N TEV
digestion, Q l= First HiTrap Q HP column, and Q2= Second HiTrap Q HP column after
O/N TEV digestion. In the end, none of these constructs produced a successful crystal.
The molecular weight ladder shown in panel A applies to all other panels as well, where
the darkest middle band is always 30 kDa
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C
Construct
Denatured mass
Non-Denatured mass
Delta Mass
________________________ (Da)_________________ (Da)______________ (Da)
AtacN
26001
26066
65
AtacN
26077
26142
65
Figure 7. Raw ESI-MS Spectrum and Corresponding Results for Untagged AtacN
An ESI-MS spectrum for untagged AtacN in 50mM ammonium acetate in denaturing (A)
and non-denaturing (B) conditions, where the expected molecular weight was 26000.8
daltons. Boxed masses indicate the untagged AtacN masses in both denaturing and non
denaturing conditions. In the denatured spectrum, two species for AtacN were found,
26001 and 26077 daltons (C). It is suspected that the 26076 dalton species is AtacN
bound to P-ME. The 26001 dalton species was matched to a 26066 dalton species in the
non-denatured spectrum, and the 26077 species was matched to a 26142 species, where
in both cases there was a 65 dalton difference, which is indicative of a bound zinc
molecule.
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species: this can be accounted for by the presence of P-me.

3.4 Structural Analysis Using Circular Dichroism
3.4.1 Quantitation o f Secondary Structure from CD Spectra
CD studies of AtacN indicated an a[3-mix structure with a maximum ellipticity at
190nm and minima ellipticities at 205nm and 225nm, although the 225nm minimum was
not very strong as is the case for purely a-helical structures (Figure 8). In addition, there
was a presence of negative ellipticity around 200nm, which is characteristic of unordered
or intrinsically disordered proteins (Woody and Sreerama 2003). A representative AtacN
(185-260nm) spectrum was used to ascertain the estimated structural components (Table
3). Regular and distorted a-helical and P-sheet components can be grouped together to
get an overall estimate of general structural components. In AtacN predictions, a-helices
and p-sheets made up ~24% each of the overall structural components, while turns and
unordered regions made up more than 50% of the structure.

In addition, the AtacN

spectrum was compared to aligned PHD domain structures, whose spectra were
computer-generated, to identify the resemblance AtacN held to previously known
structures (Figure 9). The most apparent trend when comparing AtacN to other PHD
domains is that it is significantly left-shifted (towards 200nm), which again characterizes
unordered structures.

Since the secondary structure prediction programs used mean

residue ellipticity (MRE) values to calculate structural components, a comparison
between AtacN and known PHD domains can be made because the number of residues is
taken into account in the MRE values (Table 4). It is clearly evident that the percentage
of p-sheet components in AtacN is far less than that found in solved PHD domains,

Mean Residue Ellipiticty (0cm2/dmol)
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Figure 8. Representative CD spectrum of Tagged AtacN (185-260nm)
AtacN was purified using the protocol described previously and was dialyzed overnight
in lOmM NaH 2P 0 4 , 150mM NaF, ImM EDTA, and 0.1% P-ME. AtacN sample was
removed from dialysis tubing and spectrophotometrically measured for concentration
prior to performing CD experiments. Six spectra of 50pM AtacN were accumulated in
the far-UV region between 260nm and 185nm with a scanning speed of 20nm/min and a
0.01cm path length. Data was converted to mean residue ellipticity based on AtacN
concentration.
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Table 3. Prediction of AtacN Structural Components Through CD Deconvolution

ccr_____________ Od_____________

11.7±0.9

12.2±0.4

CDDSTR,

SELCON3,

components, where

oir=

¡3r__________ § d_________

14.1±0.7

and

CONTIN

9.5±0.3

algorithms

Turn______ Unordered

23.3±0.5

predicted

29.1±0.4

secondary

structure

regular a-helix (3.6 residues per turn), aD=distorted a-helix (4

residues per turn), Pr =regular P-sheet (3-10 residues), and Pd =distorted p-sheets (2
residues). Secondary structure components are represented as a percentage of the total
residues. Alpha-helical and beta-sheet components, regular and distorted, can be grouped
to estimate the overall alpha-helical and beta-sheet component structures for AtacN, in
which case -23.9% o f AtacN is predicted to be alpha-helical and -23.6% is predicted to
be beta-sheet structures. These overall values could only be used as estimates because
standard error cannot be assigned to these values as they were assessed individually, but
from individual component analysis the standard error is fairly low so one can assume the
estimates would be fairly representative of the overall predicted structural components of
AtacN.
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Figure 9. CD Spectra Comparison Among AtacN and Aligned PHD Domains
A representative tagged AtacN (50pM) spectrum (Figure 6) was compared to computer
generated, aligned PHD domain structures (PDB entries 3kqi, 2vpb, lwem, 2kgg, and
2k 16). All PHD domains are within the context o f a mammalian system: three human
and two mice proteins. The most substantial difference between AtacN and the rest of
the PHD domain spectra is the presence of negative ellipticity around 200nm in the
AtacN spectrum, thereby left shifting the whole spectrum.
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Table 4. Comparison o f Predicted AtacN and Aligned PHD Domain Structural
Components

Secondary Structure Predictions (0 b )

# ammo
acids

Protein
A tacN
3kqi
ltveni
2kgg
2rpb
2 k l6
2vsm
2yt5
2jm i

CLR
11.7
10.9
17.8
10.1
19.9
4.9
6.6
8.3
9.7

ÛD
1 12
10.6
11.3
8.6
19.0
4.9
6.2
7.0
8.1

Bjl
14.1
21.2
16.8
20.4
20.6
29.0
21.3
223
224

B
r"d
9.5
23.9
10.8
10.7
22.3
14.2
11.8
11.9
12.0

Turn
23.3
120
18.4
21.0
120
235
21.9
22 0
19.9

Unordered
29.1
27.9
25.1
29.3
27.9
25.9
320
28.2
27.9

252
75
76
52
65
75
111
66
90

Comparison o f secondary structure predictions (190-260nm) between tagged AtacN and
known PHD domain structures (Figure 6), where a R= regular a-helix (3.6 residues per
turn), a D=distorted a-helix (4 residues per turn), pR =regular (3-sheet (3-10 residues), and
Pd =distorted (3-sheets (2 residues). Secondary structure components are represented as a
percentage of the total residues. Along the right hand side, the number o f amino acids in
each structure is shown to clarify that the aligned PHD domains contain just the PHD
domain, while AtacN contains the PHD and DNA-binding domains, along with other
unordered regions. AtacN structural components are highlighted by a blue box.
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suggesting that AtacN’s PHD domain may stray from the architecture o f a typical PHD
domain. AtacN is predicted to possess 132 of residues found in “unordered” regions, if
turns are included into the estimate. Limited proteolysis evidence showed that residues
before leucine 50 of AtacN are disordered, as is the 30 residue tag, which could
contribute to the “unordered” regions of AtacN.

This leaves 52 unordered residues

unaccounted for, which could either belong to regions inside or outside the PHD and
DNA-binding domain with the latter prediction being more likely. It is important to state
that the predicted CD spectrum for solved PHD domains may not be completely accurate
since algorithms used to predict the spectra did not take zinc binding or the coordination
of zinc into account, which would obviously alter the ellipticity values.

3.4.2 Folding/Unfolding State Study
3.4.2.1 Structural Differences between Pre- and Post-Melt Spectra
CD studies of AtacN at high temperatures revealed a transitional, rather than an
unfolded, state upon undergoing thermal denaturation (Figure 10). A transitional state
means that AtacN is thermally induced to acquire a different structure from the native
(original) structure. The data showed that protein populations were dominated by two
forms: folded (groupl) and transitional (group 2).

The most substantial difference

between spectra at temperatures below 60°C (Group 1) and above 60°C (Group 2) is the
region between 208-23Onm, where the spectra increased in negative ellipticity signals.
This is highly unusual, but may suggest that AtacN undergoes a transition, rather than an
unfolding state, as previously mentioned. In addition, a less prominent difference
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Figure 10. Comparison of AtacN Spectra at Different Temperatures

Tagged AtacN was purified as described previously and dialyzed overnight in 1L of
lOmM NaH2P 0 4, lOOmM NaF, ImM EDTA, and ImM DTT. Four spectra of 5pM
AtacN were accumulated for each temperature in the far-UV region between 260 and
196nm with a scanning speed of 20nm/min and a 0.1cm path length. The same sample
was used throughout the whole experiment and data was converted to mean residue
ellipticity based on AtacN concentration. Increases in negative ellipticity could not be
accounted for by increases in protein concentration due to buffer evaporation since a
1mm cell was used throughout, thereby decreasing chances of evaporation.

Also,

increases in negative ellipticity cannot be accounted for solely by evaporation effects
because if that were the case the appearance of the spectra would not have changed
between group 1 (<60°C) and group 2 (>60°C). This could only be accounted for by
denaturation/ changes in structure of AtacN.
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Table 5. Comparison of AtacN Predicted Structural Components Between Group 1
(<60°C) and Group 2 (>60°C)

Temperature
Condition (°C)
20
90

Pr
11.7±0.9
10.7Ü.7

12.2±0.4
7.8±1.4

14.U0.7
17.5Ü.8

Pd
9.5±0.3
10.5Ü.2

Turn
23.3±0.5
22.6Ü.6

Unordered
29.U0.4
32.9±2.1

Predicted secondary structure components of two representative AtacN spectra (20°C and
90°C) (Figure 7), where

c ir =

regular a-helix (3.6 residues per turn), =distorted a-helix (4

residues per turn), Pr ^regular p-sheet (3-10 residues), and Pd =distorted P-sheets (2
residues). Structural components are represented as a percentage of the total residues. In
general, there are no large shifts in structure between the 20°C and the 90°C spectrum.
There is a decrease in alpha-helical structure and an increase in beta-sheet and unordered
structures.
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between group 1 and 2 spectra was an increase in positive ellipticity at around 196nm in
group 2 spectra. Characteristic (3-sheet spectra show a similar pattern: negative ellipticity
at 216nm and positive ellipticity at 196nm. Therefore, increased signals at 195 nm and
216nm may be due to the fact that there was an increase in P-sheet components after
AtacN thermal denaturation. It is important to note that cooling AtacN to 20°C after
heating did not return the spectrum to its original 20°C spectrum taken before heating,
which implies an irreversible “unfolding” or transition.

Representative spectra from

group 1 (20°C) and group 2 (90°C) underwent secondary structure predictions, which
revealed that there were only slight differences between structural components at 20°C
and 90°C (Table 5). In general, AtacN heated at 90°C showed a decrease in a-helical
content and an increase in P-sheet and unordered contents. It is widely recognized that,
above a critical temperature (Tm), proteins lose their secondary structure and exhibit
increased levels of unordered components (Tsai et al 1998). AtacN does not exhibit the
same tendency because the slight increase in unordered regions between group 1 and 2 is
marginal.

Previous work with proteins under elevated temperatures has revealed that

proteins are more prone to aggregation under high temperatures. More specifically, prion
protein spectra become more negative as temperature increases and in turn create heatdenatured prion proteins that form stable intermolecular P-sheet aggregates (De Young et
al 1993; Tsai et al 1998; Zhang et al 1997).

3.4.2.2 Soluble Aggregate Formation Upon Heating
To investigate if AtacN produces soluble aggregates, a thermal melt experiment
was performed and monitored at 216nm, which is indicative of pure p-sheets. The AtacN

46

melting curve revealed a sharp transition between pre- and post-melt with a melting
temperature of -60.1 °C.

Unlike typical thermal melts, AtacN ellipticity at 216nm

approached more negative values, rather than approaching zero (Figure 11A and C). As
previously noted, most proteins undergoing thermal unfolding lose secondary structure,
which results in the loss of CD signal in tandem, but this was not the case for AtacN.
This suggests that AtacN is undergoing an unusual transition between folded and
“unfolded” states. After each melt experiment, AtacN concentration was measured to
make sure that AtacN was not lost to precipitation or the formation of insoluble
aggregates. In every case, the protein concentration stayed constant before and after the
melt. Thereby, the only possible explanation for this unusual transition is that AtacN
forms soluble aggregates under high temperatures. A qualitative approach to seeing a
shift from folded structure to aggregation is by looking at the turbidity readings (dynode
voltage) as the thermal melt experiment is running (Benjwal et al 2006). The theory
behind this is that light absorption follows Beer’s law, I/Io=log(cle), and in a thermal melt
experiment Io, c, 1, and e are constants, whereas I (light intensity after passing through a
sample) can change due to particle size and/or refractive index changes in the sample.
Therefore, an increase in heat-induced particle size would lead to higher photomultiplier
voltages in order to compensate for the loss o f light due to scattering. AtacN seems to
undergo aggregation because o f the presence of a sharp increase in turbidity occurring
right at the transition point, which indicates that heat-induced denaturation induces
aggregation (Figure 12A). The same thermal melt experiment was performed for AtacN,
which was pre-incubated with a H3K36 peptide, to determine if the ligand-bound form of
AtacN would be more stable than AtacN alone by seeing an increase in the melting
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Figure 11. Thermal Melt Experiment and Coinciding Melting Curves for AtacN and
AtacN-H3K36 Complex
(A-B) AtacN and AtacN-H3K36 complex were dialyzed in lOmM NafEPO^ lOOmM
NaF, ImM EDTA, and ImM DTT. Thermal melt experiments for both 9pM AtacN (A)
and AtacN-H3K36 complex (9pM:19pM) (B) were carried out in the same manner and
looked for changes in negative ellipticity at 216nm.

Both AtacN and AtacN-H3K36

complex melts showed the same trend, wherein its ellipticity at 216nm increased in
negative signal.

AtacN does not undergo the expected trend, wherein proteins

undergoing thermal unfolding lose their secondary structure, thereby losing CD signal.
(C-D) Above thermal melt experiments (A-B) were fitted using the Gibbs-Helmoltz
equation and produced melting curves for AtacN (C) and AtacN-H3K36 complex (D).
The melting temperature for both AtacN and AtacN-H3K36 complex were essentially the
same, 60.1°C and 59.9°C, respectively. This shows that the addition of a ligand does not
substantially stabilize AtacN.
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temperature. The same trend, wherein AtacN had an increase in negative ellipticity after
its transition curve, occurred to the AtacN-H3K36 complex and its melting curve
revealed a melting temperature of 59.9°C, which is essentially the same as AtacN alone
(Figure 12B and D).

Also, the turbidity profile of the AtacN-H3K36 complex was

similar to AtacN alone (Figure 12A).

It is difficult to say only using qualitative

measurements, but when comparing turbidity profiles between AtacN and the AtacNH3K36 complex it seems as though AtacN alone forms larger aggregates or more
widespread aggregation than the AtacN-H3K36 complex, as indicated by a larger
increase in turbidity (Figure 12B). In addition, the pre-transition state for the AtacNH3K36 complex appears plateau in comparison to AtacN alone, which could be due to a
small stabilization force facilitated through AtacN binding to H3K36. Although these
qualitative observations can be made, spectroscopic measurements found that H3K36 did
not stabilize the AtacN structure under high temperature conditions.
To provide further evidence that AtacN forms aggregates upon heating, limited
proteolysis digestion was performed to see if pre- and post-heated AtacN would digest
similarly.

In theory, induction of protease resistance is characteristic of aggregation,

whereas non-aggregated proteins are more prone to protease digestion (Kaneko et al
1995).

It was clear, qualitatively, that pre-heated AtacN had undergone much less

digestion than non-heated AtacN (Figure 13A). ImageJ was employed to quantitatively
determine the approximate intensities of non-heated versus pre-heated AtacN (Figure
13B). Eighty-one percent of non-heated AtacN, relative to sample at time zero, was
digested by chymotrypsin, in comparison to pre-heated AtacN which was digested by
28%. This large difference in digestion products between non-heated and heated AtacN
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Figure 12. Qualitative Evidence for AtacN and AtacN-H3K36 Complex Aggregation
(A) Thermally-induced aggregation monitored by turbidity and recorded at 216nm of
AtacN alone (9pM) denoted as
denoted as “+ Ligand”.

Ligand” and AtacN-H3K36 complex (9pM: 19pM)

Turbidity was monitored in tandem with the thermal melt

experiment to identify if aggregation occurs when thermal “unfolding’Vdenaturation
occurs. According to Benjwal et al (2006), aggregation is evident because of the increase
in turbidity around the melting temperature. Therefore, it seems as though aggregation
and thermal denaturation/”unfolding” coincides.
(B) Turbidity data for AtacN alone and AtacN-H3K36 complex was normalized to
compare the two turbidity profiles.

Min-Max normalization analysis was used to

normalize turbidity data of AtacN alone and the AtacN-H3K36 complex, same denotation
as (A) applies. Arrows indicate protein aggregate formation. The turbidity profile for
AtacN-H3K36 complex has a plateau before undergoing aggregation and the level of
aggregation seems to be less extensive for AtacN-H3K36 complex than AtacN alone,
which may qualitatively indicate that H3K36 stabilizes the AtacN structure enough to
slightly decrease aggregation effects.
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Band
Digestion
_______________ (hr)
Non-heated
Heated

Integrated
Peak Area*

Relative
%
Intensityf Digested*

0
6

11209.782
2136.255

19%

81

6

8026.388

72%

28

Figure 13. Qualitative and Quantitative Descriptions of Chymotrypsin Digestion of
Heated and Non-heated AtacN
(A) Two samples of tagged AtacN underwent six hours of chymotrypsin digestion, where
one sample underwent a thirty minute pre-heating at 70°C while the other sample was not
exposed to high temperatures. In the above figure, “protease” refers to the addition of 1
chymotrypsin for every 100 proteins, and “heat” refers to a 30 minute pre-heat (70°C)
treatment before the addition of chymotrypsin. The two samples’ band intensities were
compared to AtacN without protease digestion or heating.
(B) AtacN sample band intensities (top row of Figure 13A) were compared by ImageJ to
estimate the percentage of AtacN digestion. Band intensities were measured by utilizing
the gel analyze tool, where a same sized rectangle was drawn over each lane and plotted
in a histogram. A baseline was selected and the area under the peak was integrated for
each individual AtacN band. * Peak area expressed in pixels; * Non-heated and heated
(t=6 hrs) samples were analyzed relative to non-heated (t=0 hrs) sample and expressed in
a percentile; + “% digested” was calculated by subtracting relative intensities from 100.
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demonstrates that AtacN, under thermal stress, undergoes aggregation, which facilitates
protease resistance. Lastly, gel filtration chromatography demonstrated that AtacN, upon
heating, does induce aggregation because pre-heated AtacN eluted earlier than nonheated AtacN, which could only be accounted for by particle size since molecular weight
was unchanged.

3.5 Calorimetric Study
The stability of AtacN was measured by DSC (Figure 14 and Table 6A), which
showed that the temperature of maximum heat capacity (Cp), Tm, was ~57.7°C at both
concentrations (46pM and 26pM).

The reaction does not exhibit reversible folding

indicating the possible formation of aggregates. A non-two state model was used for
AtacN DSC analysis because AtacN was seen to form aggregates concurrently as it
undergoes thermal denaturation, as observed by spectroscopic data. This observation
also explains the van’t Hoff to calorimetric ratio results (AHyi/AHcai) of 3.3 for untagged
AtacN and 4.5 for tagged AtacN. A AHyi/AHcai ratio above 1 suggests the formation of
protein dimer, tetramer, or higher-order aggregates, which is agreeable with aggregate
formation after a critical temperature. In addition, spectroscopic data showed that after a
critical temperature, AtacN contained higher secondary structure content in comparison
to pre-heated AtacN which we suspect is due to aggregation. In general, protein thermal
denaturation exposes formerly buried hydrophobic groups to solvent, which results in a
high heat capacity, but since AtacN takes on a transitional structure after its melting
temperature this generalization cannot be assigned. Also, ACp calculated from thermal
melt experiment curves of tagged AtacN and tagged AtacN in complex with a ligand
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A

Figure 14. DSC Scans o f Thermal Unfolding for Tagged and Untagged AtacN

DSC scans o f AtacN in 20mM NaH 2 P 0 4 pH 7.5, 50mM NaCl, and 0.5mM DTT, where
baselines were subtracted from raw data and normalized for protein concentration (A).
The black trace is untagged AtacN at 46pM and the red trace is tagged AtacN at 26pM,
as indicated in the figure above. The dashed dotted line parallel to the y-axis indicates
physiological temperature. These traces were non-repeatable with cooling followed by a
secondary round of heating indicating that unfolding is irreversible.

Non-two state

modelled fit was used for tagged AtacN (B) and untagged AtacN (C), where baselines
were generated by the progress connect method in Origin 5.0 (Microcal). The black trace
indicates the protein scan subtracted from the buffer-buffer scan and the red dashed line
is the fit using a single non-two state model, where.
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Table 6. Summary of Thermodynamic Parameters for AtacN
A
DSC Data
Construct

[Protein]
(pM)

T1 m*5

°c

AHvH,
kcal mol'1

AHcaj
kcal mol'1

AHvH/AHcal

Tagged AtacN+

26

57.7

210.1

46.4

4.5

Untagged AtacN

46

57.7

215.3

64.3

3.3

Construct

[Protein]
(pM)

[H3K36]
(pM)

T
1 m*?

°c

AHcai
kcal mol'1

ACP
kcal mol'1K'1

Tagged AtacN*

9

0

60.1

170.3

0.003

9

19

59.9

171.0

0.0008

B
CD Data

Thermodynamic parameters were observed using DSC for tagged (25 pM) and untagged
(46pM) versions of AtacN in 20mM Naf^PiTt pH 7.5, 50mM NaCl, and 0.5mM DTT,
where both samples were subjected to the same experimental procedures. In addition,
thermodynamic parameters were also analyzed using a CD unfolding experiment for
tagged AtacN (9pM) and tagged AtacN: H3K36 complex (9pM: 19pM). Tm, AH vh, and
AHvH/AHcai were obtained by fitting normalized DSC traces (Figure 13). Values found
using the CD thermal melt fit were analyzed using a modified Gibbs-Helmoltz equation
(Section 2.8.2). * Values for the melting temperature where the observed Cp in the DSC
scan is a maximum.

t= contains an extra 23 residues on its N-terminus with the

following sequence: MSYYHHHHHHDYDIPTTENLYFQ.
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indicate that the difference in the heat capacity between folded and transitional states are
almost non-existent, which explains the use of a non-two state model assuming a ACp of
zero (Table 6B). These observations suggest that aggregation of AtacN may require the
formation of many intermediates, which results in a final aggregate structure with little
accessible surface areas (Poklar et al 1997).

3.6 Interaction Studies
3.6.1 Homology Model of AtacN PHD Domain
The PHD domain of AtacN (AtacN-PHD) was modelled from PDB entries 3kqi,
lwem, 2kgg, and 2k 16 using the MODELER program (Figure 15). The modelled AtacN
structure has a two-stranded antiparallel P-sheet and two short a-helices, which differed
from the sequence-based secondary structure prediction of AtacN.

AtacN core PHD

domain structural components are as follows: pi (amino acids S74-F76), P2 (amino acids
W83-P85), a l (amino acids Q92-Y95), and a2 (amino acids D108-A111). Aside from
the core peptide-binding domain, all three structures shown in Figure 15 display two
large loops(L), which have been shown to be structurally and functionally important to
PHD binding and activity: LI found N-terminal to pi and L2 found either between P2
and a l or a l and a2 (Bienz 2006). The architectural arrangement of AtacN-PHD core
domain structural components resembles TATA box-binding protein-associated factor
(TAF3; 2kl6) more so than the classical PHD structure of JARIDIA-PHD3 (2kgg).
However, the distance between P2 and a l of AtacN-PHD is larger than that of TAF3,
which could possibly produce an alternative AtacN-PHD recognition surface, wherein the
additional distance between P2 and a l could create a more open core-peptide domain.
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AtacN-PHD

TAF3-PHD

JARIDIA-PHD3

Figure 15. Modelled AtacN PHD Domain and Solution Structures of Aligned PHD

Domains
Ribbon diagrams of PHD fingers: (a) Modelled AtacN; (b) TAF3 (PDB entry 2kl6); and
(c) JARIDIA-PHD3 (PDB entry 2kgg).

Both TAF3 and JARIDIA-PHD3 bind

H3K4me3, while AtacN has been found to bind H3K36 and H4K20me3.

JARIDIA-

PHD3 forms a canonical PHD structure, where the core domain is made up of a twostranded anti-parallel P-sheet and a central a-helix, whereas TAF3 has a short twostranded antiparallel P-sheet and a-helices, a l and a2.

AtacN resembles the alternative

PHD core domain structure o f TAF3, rather than the classical PHD structure because of
its shorter helices and arrangement o f secondary structure elements. TAF3 has been
shown with its additional N-terminal P-sheets, but these sheets were not labelled as they
are not involved with H3K4me3 binding. Beta-sheets are represented by blue arrows, ahelices are represented by red curls, and black ribbons represent coiled/unordered
regions. Important secondary structure elements involved in binding (core PHD domain)
are labelled above, as are important tryptophan residues (W) required for the formation of
the hydrophobic cleft.
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Tryptophan (W) 83 in AtacN, W891 in TAF3, and W1635 in JARIDIA-PHD3 are all
highly conserved aromatic residues that have been shown to be involved in binding or are
predicted to play that role, in the case of AtacN.

In each structure, this conserved

tryptophan residue is located in (12 and is parallel to the antiparallel P-sheet. The other
tryptophan residues pictured for TAF3 and JARIDIA-PHD3, W868 and W1625,
respectively, form the second wall of the hydrophobic cleft required for the recognition of
the trimethyl group of H3K4, which is the histone ligand for both TAF3 and JARIDIAPHD3. The secondary aromatic residue does not align, thereby making it difficult to
predict the second residue in AtacN required for forming the hydrophobic cleft.

3.6.2 Quantification of Histone Interactions
In collaboration with Dr. Shawn Li’s group, a methyl-lysine peptide chip array
was performed in order to see whether AtacN bound to any methyl-lysine residues. The
methyl-lysine peptide chip array involved probing AtacN against unmodified or singly
modified residues on histone H3 and H4 peptides. Two peptides were identified to bind
AtacN: H3K36 and H4K20me3. Interactions between purified AtacN constructs and a
positive control, JMJD2A, with histone peptides were verified and quantified through
fluorescence polarization techniques.

The tudor-domain protein, JMJD2A, bound to

H4K20me3 with a binding affinity of 2.1±0.1|iM, which is similar to an earlier reported
binding affinity of 2.6±0.3pM (Liu et al 2010).

Previously reported PHD domain

interactions have high specificity for its histone peptide and an ability to distinguish
between different methylation states o f their histone peptide, whereas this did not hold
true for AtacN (Wen et al 2010; Gozani et al 2003; Horton et al 2009). Firstly, AtacN
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A
Histone Residue

K d (pM)

H3K36

3.2 ± 0.5

H3K36me3

1.8 ± 0 .2

H4K20

4.6 ± 0 .6

H4K20me3

H3K.36

30
40
biotin-ahx-PATGGVK*KPHRYR
15

H4K20me3

25

biotin-ahx-GAKRHR(K*me3)VLRDNI

3.5 ± 0.4

B
AtacN Construct

KD(pM)

D2T223

3.5 ± 0.4

L50-T223

3.5 ± 0 .4

L50-K208

3.0 ± 0 .4

G64-K208

12.7 ±3. 7

Figure 16. AtacN Binding Specificities and Affinities
AtacN, which was found to bind H3K36 and H4K20me3 (bolded residues) in a methyllysine peptide chip array, was assessed to see if AtacN’s PHD domain possessed
specificity for its histone residue(s) and whether its binding affinity varied based on the
methylation status. Non- and tri-methylated versions of H3K36 and H4K20 were tested
against AtacN (A). AtacN bound to histone tails in the micromolar range, which has
been shown to be physiologically relevant, although AtacN binding was not specific.
Since methyl-lysine residues have been shown to be the most common ligands for PHD
domains, H4K20me3 was tested against different truncations of AtacN to see which
region was important for binding (B). Sequences for H3K36 and H4K20me3 are shown
above, where the asterisk denotes the binding residue and the numbers refer to the residue
number in the histone (C).

Normalized fluorescence polarization binding curves for

H4K20me binding to AtacN and AtacN truncations were derived from data collected and
reported in B, where D2-T223 (■), L50-T223 (□), L50-K208(*), and G64-K208 (o) (D).
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seems to bind both H3K36 and H4K20 with virtually the same affinity, which shows a
lack of specificity (Figure 16A). Secondly, the difference between binding affinities of
non- and tri-methylated versions of H3K36 and H4K20 is minimal, at best, if not
identical. This highlights that AtacN neither has specificity for its histone ligands nor
does it possess an ability to distinguish between different methylation states of those
same ligands.
AtacN truncation (L50-T223, L50-K208, and G64-K208) binding affinities for
H4K20me3, which were again quantified through fluorescence polarization, were
compared to AtacN H4K20me3 binding to ascertain a region important for histone
interaction (Figure 16B; D). Binding affinities for L50-T223 and L50-K208 truncations
were virtually identical when compared to AtacN binding to H4K20me3, which
demonstrated that the truncated amino acids were not required/important for binding.
The AtacN G64-K208 truncation had a four-fold decrease in its binding affinity for
H4K20me3 in comparison to other constructs tested. Since binding was not completely
abolished, the region of AtacN between leucine 50 and glycine 64 is not essential to, but
aided in, H4K20me3 binding.

3.6.3 Evidence of Phosphoinositide Binding
To investigate whether AtacN bound phospholipids, lOOpg of 6x-histidine tagged
AtacN was incubated with a PIP strip, which had lOOpmole of each phospholipid listed
by Echelon Biosciences. AtacN was detected to bind strongly to PI(3,4,5)P3 and weakly
to PI(4,5)P2 (Figure 17).

AtacN did not show interactions with any o f the other

phospholipids present on the PIP strip. PIP strip results were quantified with the same
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approach used for quantification of AtacN heated protease resistance. Detected binding
to PI(4,5)P2 was only 5% that of PI(3,4,5)P3 binding, therefore AtacN’s phospholipid
binding partner is more likely to be PI(3,4,5)P3 rather than PI(4,5)P2. To our knowledge,
neither Atac homolog study (fruit fly or mouse) has tested interactions between AtacN
and phospholipids, making this data unique.

However, the reported data had low

reproducibility, since the experiment was attempted two other times, where the results
came back negative. In addition, one of the attempts included using a histidine-tagged
positive control that did not show binding either.
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Figure 17. Identification of AtacN as a Ptdlns Binding Partner

(A) Schematic diagram of PIP strip lipid blots (Echelon Biosciences), where LPA=
lysophosphatidic

acid;

LPC=

lysophosphocholine;

PI=

Ptdlns;

PE=

phosphatidylethanolamine; PC= phosphotidylcholine; S1P= sphingosine-1-phosphate;
PA= phosphatidic acid; PS= phosphatidylserine.
(B) AtacN bound strongly to PI(3,4,5)P3 and weakly to PI(4,5)P2.

One hundred

micrograms of protein was incubated with PIP strips, which contained lOOpmole of
phospholipid on each spot, in lOmL of TBST buffer. The primary antibody used was an
anti-penta his antibody (1:4000; Qiagen) and the secondary antibody used was anti
mouse horseradish peroxidase (1: 10000; Promega). AtacN binding to phospholipid blots
was detected by a reaction with chemiluminescence reagents (WestPico) and then
developed on film strips. Blot paper is arranged in the same manner as the schematic
diagram; regardless, binding partners are labelled on the right hand side of the blot paper
for clarity.
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CHAPTER FOUR: DISCUSSION

Since first being discovered by Schindler et al (1993), questions have been raised
concerning the role of PHD domains and whether different PHD domains share a
common ligand.

Lately, PHD domains have been a hot topic because of mounting

evidence for their ability to interact not only with histones, implying a role in chromatin
regulation, but Ptdlns as well.

AtacN, the PHD-containing fragment o f Atac, was

investigated in this study to formally address questions about the properties, structure,
and function of AtacN.

4 .1 AtacN: A Zinc-binding Protein
Firstly, it was important to classify AtacN as a zinc-coordinating protein in order
to further investigate its role as a possible PHD domain.

With the use of mass

spectroscopy, AtacN was found to coordinate one zinc ion, where conserved C77, C80,
C l06, and C l09 residues are thought to play roles in zinc coordination. This observation
is unexpected since other PHD domains have been shown to coordinate two zinc ions
suggesting that Atac possesses an atypical PHD domain (Aasland et al 1995). However,
Elkin et al (2005) found that RAG2, along with other PHD domains, have shown
differences in the specific zinc-coordinating residues in comparison to standard PHD
domains, which is consistent with what was found with AtacN. Zinc coordination is
important for stabilizing proper folding of PHD domains, as is made evident in human
autoimmune diseases containing mutations to C478Y in RAG2-PHD and C311Y in
AIRE-PHD.

These specific RAG2-PHD and autoimmune regulator (AIRE)-PHD
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mutations are thought to disrupt zinc-coordination, which perturbs the folding stability of
the PHD domain (Ramon-Maquies et al 2007; Bottomley et al 2005).

4.2 AtacN Structural Flexibility and Stability Upon Ligand Binding
Visual inspection of the AtacN spectrum leads one to predict that AtacN will
possess unordered regions because the spectrum contains a large ellipticity at 200nm and
is left-shifted. Through circular dichroism quantification, AtacN was predicted to contain
equal parts (~24%) a -helical and P-sheet structure with more than half of its structure
predicted to be unordered (turns and unordered regions).

Solved structures of PHD

domains have all shown a highly ordered core made up of a two-stranded P-sheet and a
central a-helix required for interactions with histone tails (Pena et al 2006; Li et al 2006).
Since AtacN shows sequence and predicted structure homology to PHD domains, it can
be assumed that the same peptide-binding core lies within the PHD domain of AtacN and
may account for some of the ordered regions of AtacN. The question still stands: why
would AtacN be substantially unordered and what function might this have?
Many higher eukaryotes have been found to possess natively unordered proteins
or domains (Dunker et al 2002; Tompa et al 2002). These proteins perform regulatory
functions and may acquire structure upon binding to another protein or DNA sequence,
which agrees with the proposed function of AtacN (Dunker et al 2002). AtacN plays a
regulatory function by localizing Atac and/or its associated proteins to a specific segment
of chromatin through its PHD/reader domain.

In addition, as suggested by Atac

homologs, AtacN may possess an unordered surface/interface that becomes ordered upon
interacting with its multiprotein complex partner. Another possibility is that the DNA-
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binding domain, which is just C-terminal to the PHD domain, may also undergo a similar
transition upon binding to a specific DNA sequence. The unordered regions in AtacN
may also include the flexible linkers between domains, which are not regular secondary
structure elements, such as a-helix and (3-strand, but may have defined structures for their
function (Pappu et al 2000). These linkers/spacers undertake an unordered structure to
facilitate movement or regulate the distance between domains (Jacobs et al 1999;
Josefsson et al 1998). Lysine 208 to valine 463 is part of a long predicted disordered
region within Atac with the exception of a short helix between alanine 221 and isoleucine
226. This region may regulate the distance between the predicted regulatory regions,
PHD and DNA-binding domains, and the catalytic region, HAT domain. HAT domains
have been shown to be promiscuous in histone substrate specificity, while histone
methyltransferases are typically more specific about their histone targets (Bhaumik et al
2007). In light of this, a possible model for modulation of Atac HAT specificity can be
proposed: The PHD domain would recognize their specifically marked methyl-lysine
histone residue, which would then localize Atac on chromatin, wherein the expansive
linker region would then regulate HAT activity by restricting it to acetylatable histone
targets within the distance of the linker region. This approach would doubly restrict HAT
activity through spatial restrictions facilitated by the PHD domain and linker region.
Because AtacN is substantially unordered, an AtacN-H3K36 complex was
investigated to see whether the stability of AtacN would increase when bound to H3K36.
The melting temperature of the AtacN-H3K36 complex did not increase in comparison to
AtacN alone signifying that the AtacN structure was not stabilized by its interaction with
H3K36. There are several reasons why spectroscopic analysis might not have detected a
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stabilization effect. As previously mentioned, PHD domain interactions with histone tails
involve small local conformational changes to the peptide-binding channel/cage, but not
to the overall AtacN structure. Circular dichroism may not be sensitive enough to pick
up small differences in melting temperatures between AtacN and the AtacN-H3K36
complex. In addition, the surface interface between H3K36 and AtacN is only about
three to five histone residues long as reported by solved PHD-histone complexes (Li et al
2006; Pena et al 2006). Therefore, the energy gains from the interactions between AtacN
and H3K36 holding would be small. Although, the turbidity profile of the AtacN-H3K36
complex qualitatively suggested a small stabilizing effect on AtacN by evidence of a
plateau upon entering the aggregation state.

4.3 Unusual Aggregates Under Thermal Denaturation
After exposure to high temperatures, AtacN demonstrated an unorthodox
spectrum that indicated the formation of unusual soluble aggregates after a critical
temperature. Highly concentrated proteins undergoing thermal denaturation experiments
have been shown to aggregate, but if that were the case the aggregation would not have
occurred during CD experiments since the concentrations used went as low as 9pM.
Linding et al (2004) found that the propensity for the formation of P-sheet aggregates is
similar among all structure types, aP-mix and unordered proteins included. It is often
assumed that proteins will form a random coil upon thermal denaturation, but large side
chains, in particular, will be subject to steric clashes and therefore would only be able to
take on an extended structure, such as a p-strand (Damaschun et al 1998).

Another

reason why there is a bias toward forming extended p-strands during aggregation is
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because of the energetically favourable intermolecular hydrogen-bonding that forms on
both sides of a p-sheet (Linding et al 2004).
The difference between spectra at room temperature and 90°C is predominately
found between 208nm and 230nm, where there is an increase in signal indicating an
increase in secondary structure. In a follow-up experiment, AtacN underwent a thermal
melt where it was found that the ellipticity at 216nm became more negative suggesting
that AtacN was not undergoing unfolding but rather was undergoing a transition.
Although unusual, there are many cases that have shown a similar spectroscopic trend
and were later found to form p-sheet aggregates through other experimental procedures
(Yang et al 2003; Zhang et al 1997). Deconvolution of the AtacN spectra between 190260nm revealed only a marginal change between room temperature and 90°C spectrum
with a decrease in a-helical structure and an increase in P-sheet and unordered structures.
Though this observation indicated a trend toward the formation of P-sheet aggregates,
additional experiments, such as Fourier Transform Infrared Spectroscopy, may need to be
performed to confirm the presence of P-sheet aggregates. Nevertheless, it is safe to say
that AtacN undergoes aggregation after a critical temperature based on circular
dichroism, protease resistance, and gel-filtration data. Also, when looking at the AtacN
turbidity profile and thermal melt experiment it is clear that the AtacN structural
transition and onset of aggregation occurs concurrently.

That is, the heat-induced

transition is concomitant with aggregation, thereby making the transition inherently
irreversible, which was later confirmed with DSC data (Benjwal et al 2006). If AtacN
were truly unfolding, the heat capacity of the protein would increase after the melting
temperature, but this was not seen for AtacN. Since AtacN undergoes a transition from
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one structure to another during thermal denaturation, the number of hydrophobic residues
exposed to solvent is similar to the pre-heat folded state and therefore would result in a
very minimal change in heat capacity. In addition, the AHyf/AHcai ratio for AtacN was ~4
suggesting the formation of higher-order aggregates, which supports the irreversibility of
protein structure after thermal denaturation.

Lastly, qualitatively comparing turbidity

profiles between AtacN alone and the AtacN-H3K36 complex seemed to show a lesser
rise in turbidity for the AtacN-H3K36 complex, meaning less aggregation. This could be
due in part to some kind of stabilizing force coming from the interaction with H3K36 or
may be statistically insignificant.

4.4 Promiscuous Binding of Histone Tails
AtacN was found to bind to H3K36 and H4K20me3 through a peptide array:
these interactions were later confirmed by fluorescent polarization measurements, where
binding affinities were determined to be 3.2±0.5pM and 3.5±0.4pM, respectively.
Quantified binding affinities indicate that interactions between AtacN and histone
peptides are not specific given that the sequence differences between H3K36 and H4K20
did not alter the binding affinity for either histone peptide. AtacN binding affinities for
histone peptides are comparable to the binding strength of chromo- and bromo-domains
(~10pM) making these interactions physiologically relevant (Pena et al 2006).

In

general, methylation at H3K36 is linked to gene activation, while methylation at H4K20
is associated with gene repression. However, this generalization is dependent on the gene
context and the modification state (meO, m el, me2, and me3) of H3K36 and H4K20
(Berger 2007; Kouzarides 2007; Vakoc et al 2005). Since the PHD domain of AtacN
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was neither specific nor able to distinguish between different methylation states of its
histone residues, it is difficult to propose potential in vivo effects carried out by AtacN.
The histone peptides used for binding quantification contained only one modified histone
residue per peptide, which is not a true reflection of an in vivo histone tail. AtacN may
require the presence of additional modification markers in order to prevent non-specific
binding to histone tails.

For example, some PHD domains that recognize H3K4me3

within its peptide-binding core have an additional pocket for H3R2 binding, but binding
to H3K4me3 is prevented when H3R2 is methylated (Iberg et al 2008; Kirmizis et al
2007).

In this example ING2, BPTF, and other PHD domains require H3R2 to be

unmodified for H3K4me3 binding, but since AtacN seems to possess an atypical PHD
domain it may require an additional modified residue (in place of H3R2) to induce
specificity in its peptide-binding core.
As mentioned previously, AtacN displayed similar binding affinities for all four
histone peptides (H3K36meO/me3 and H4K20me0/me3), but showed a very minor
preference for methyl-lysine histone peptides over the non-methylated versions, which
follows the general trend that PHD domains favour methyl-lysine substrates. However,
previously studied PHD domains showed very high specificity for their histone peptide
and could discriminate between different methylation statuses with a high accuracy, such
that TAF3 bound to H3K4me3 with a K d ~ 0.16pM and to H3K4mel with a K d ~
200pM (Pena et al 2006; van Ingen et al 2008). This was not seen with AtacN-PHD,
which bound H3K36me3 with a K d ~ 1.8pM and H3K36 with a K d ~ 3.2pM.
Previously studied PHD domains that bound tri-methyl lysine residues were found to also
bind their di-methyl lysine counterparts (Shi et al 2006; Li et al 2006). The reasoning
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behind this anomaly is that it may be too difficult to discriminate between two and three
methyl groups using only a single protein fold, in which case some PHD domains use two
or more domains in concert to achieve specificity. An example of this mechanism can be
seen with JMJD2A, which has C-terminal PHD and Tudor domains that recognize
separate target partners therein eliciting higher specificity for JMJD2A (Couture et al
2007). This may also hold true for AtacN, which may require the DNA-binding domain
to interact with specific DNA sequence in order for the PHD domain to acquire higher
specificity.

This explanation alone may not elucidate the inability for AtacN to

discriminate between tri- and non-methylated lysine residues, since this mechanism had
only been shown to describe the inability to distinguish between tri- and di-methylated
lysine residues (Ragvin et al 2004; Couture et al 2007). Another possible reasoning for
the apparent indiscriminate binding of AtacN is that, as previously shown with HATcontaining proteins, the formation of multiprotein complexes can modulate substrate
specificity (Grant et al 1997).

Atac specificity could then be achieved through the

interaction of the DNA-binding domain with specific DNA sequences in conjunction
with the association of Atac to its multiprotein complex, which would further modulate
histone residue specificity. A possible structural explanation for the inability of AtacNPHD to discriminate between methylated statuses of lysine residues is that there is an
apparent lack of an aromatic residue that corresponds to its W868 of TAF3. Based on the
modelled structure, AtacN-PHD resembles the architecture of TAF3 and may have a
similar mode of recognition for methylated lysines. TAF3 W868, which is found outside
of the core peptide-binding domain, restricts its participatory ligands to trimethyl-lysine
histone tails through the recognition of the trimethyl group by W868 and W891. Since a
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corresponding TAF3 W868 residue is absent in AtacN-PHD and all other tryptophan
residues are not spatially close to the conserved W83, it stands to reason that the aromatic
cage/channel of AtacN-PHD is fairly open and less likely to restrict histone tails on the
basis of methylation, than TAF3 or other PHD domains with more restricting peptide
binding sites.
H4K20me3 was chosen to look at the effect AtacN truncations had on binding
strength as all of the tested histone peptides had similar binding affinities to AtacN.
Residues truncated N-terminal to L50 and C-terminal to K208 did not affect the ability of
AtacN to bind to H4K20me3, but removal of residues between L50 and G64 did show a
discernible effect on binding strength, where the affinity was decreased four-fold. Since
binding was not completely abolished by the removal of the L50-G64 region, it stands to
reason that the core of the PHD domain was not affected by the removal of this region.
Instead PHD residues involved in interactions with histone residues neighbouring H4K20
may have been affected.

Thereby, the L50-G64 region of AtacN is important for

stabilizing the interaction between the PHD core peptide-binding domain and its histone
ligand. More truncations are needed to pinpoint the location of the full core peptide
binding domain, which should be done in conjunction with mutational studies of aromatic
residues to assess the residues within the core required for PHD domain interactions with
histone tails.

4.5 AtacN: Possible Phosphoinositide-binding Module
AtacN was found to interact strongly with PI(3,4,5)P3 and weakly with PI(4,5)P2.
PI signalling pathways are present in the nucleus, but their functional significance has
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been poorly understood and understudied (Boronenokov et al 1993). Pis only make up
10% of the total lipids in the cell and, of those, only 0.25% of Pis are phosphorylated at
the 3’-position, which suggests that these lipids have specific roles (Rameh and Cantley
1999). Specifically, PI(3,4,5)P3 and PI(4,5)P2 are present in nuclei (Deleris et al 2003;
Watt et al 2002). PI(3,4,5)P3 is produced upon agonist stimulation of mammalian cells
and interacts with proteins containing PH domains, while PI(4,5)P2 has been directly
implicated in chromatin remodelling and transcript processing and interacts with PIbinding domains as well as DNA-binding complexes (Rameh and Cantley 1999; Osborne
et al 2001).
As suggested earlier by Kaadige and Ayer (2006), PI binding to PHD domains is
independent of PHD domain interactions with histone tails, since patches of basic
residues C-terminal to the PHD domain are required for PI binding. There are only three
basic residues C-terminal to the PHD domain of AtacN suggesting that binding may not
be possible at all, but binding was seen with both PI(4,5)P2 and PI(3,4,5)P3.

Since

comparatively stronger binding was seen with PI(3,4,5)P3 than with PI(4,5)P2 that may
indicate that Atac may play a role in linking PI(3,4,5)P3-signalling pathways, which
respond to external stimuli and have been implicated in chromatin regulation.

This

mechanism has been demonstrated with the SWI/SNF-like BAF complex, where
PI(4,5)P2 binding stabilizes associations of the SWI/SNF-like BAF complex to chromatin
(Zhao et al 1998). Since binding to PI(4,5)P2 was comparatively weaker than PI(3,4,5)P3>
it seems unlikely that AtacN would normally require PI(4,5)P2 to stabilize it to
chromatin, but may need PI(4,5)P2-aided stabilization under special circumstances since
some binding was demonstrated (Yu et al 1998). As previously mentioned, AtacN has
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been shown to possess substantial unordered regions, which may be an important aspect
o f the mechanism employed by AtacN for PI binding. Ford et al (2002) showed that
Epsin recognition of PI(4,5)P2 induces unstructured regions involved in Ptdlns binding to
fold into a functionally important a-helix. Another important structural observation is
that EDTA treatments to PH and PHD domains and mutations in zinc-coordinating and
polybasic region residues have reported loss of Ptdlns binding to PH and PHD domains,
which suggests that structural integrity is important for binding (Rameh et al 1997; Burd
and Emr 1998; Elkin et al 2005). As suggested by Kaadige and Ayer (2006), PHD
domains may play an ancillary role in Ptdlns binding by presenting a functional polybasic
region through the proper folding of the PHD domain, but Elkin et al (2005) paint a
different picture. Elkin et al (2005) suggest that a small region containing three to six
basic residues within the PHD domain between two pairs of residues involved in
coordinating zinc are required for Ptdlns binding to occur. It is unclear with the present
study whether the mechanism of Ptdlns binding to AtacN requires the PHD domain or
not, nonetheless there is binding between AtacN and two Ptdlns, which is functionally
important to understanding AtacN.

4.6 Conclusions
Based on the observation that Atac homologs associate with multiprotein
complexes that are involved with chromatin modification/regulation and that most PHDcontaining proteins are found in nuclear proteins that interact with histone tails and affect
chromatin, it is reasonable to speculate that Atac associates with multiprotein complexes
and is involved in chromatin modification.

AtacN was found to possess substantial

72

unordered regions that may be accounted for by the linker/spacer region, which may
regulate the distance between regulatory and catalytic regions of Atac, or by portions of
the PHD or DNA-binding domains involved in interactions with phospholipids or DNA,
respectively,

that

upon

binding

become

structured.

Through

spectroscopic

measurements, histone H3 lysine 36 did not stabilize AtacN at high temperatures, which
is consistent with previous structural observations that histone tail binding does not
induce significant conformational changes to PHD domain structure (Matthews et al
2007; Pena et al 2006). In addition, the micro-molar affinity binding may not contribute
enough stability to AtacN structure and would be difficult to detect by spectroscopic
methods that were used. Since AtacN bound histone tails and Ptdlns’, it is reasonable to
predict that AtacN may translate phospholipid signalling-pathway messages involving
PtdIns(3,4,5)P3 and PtdIns(4,5)P2 into gene expression through the localization of Atac
and its proposed associated multiprotein complex to chromatin facilitated by the
interaction between PHD domain and histone tails. Most of our understanding of hAtac
comes from Atac homologs.

These comparisons are useful in outlining general

mechanisms through which Atac may act but more details about hAtac activity and
interaction mechanisms are required to ascertain a full picture of Atac in the context of
human physiology.

4.7 Future Directions
There are many directions that one can take in characterizing Atac or AtacN
because there is little known about Atac and its structure and function(s).

Firstly, it

would be important to show that the full-length protein (Atac) possesses interactions with
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the same histone tails and Ptdlns that have been demonstrated with AtacN.
Crystallization of Atac would be another important step to elucidate the mechanism
through which histone residue or Ptdlns binding is carried out. Secondly, mutational
studies involving zinc-coordinating or polybasic residues need to be done in order to
show that proper folding or specific residues are important to histone residue and Ptdlns
binding, respectively. Above all other studies, the most important task to complete in
order to understand the functioning of Atac is to identify if Atac associates with a
multiprotein complex, and if so, which one. If that multiprotein complex is known and
its actions well-defined, then one could pinpoint which process(es) require Atac
involvement. Performing in vivo studies of hAtac are required to fully appreciate the
considerable number of factors that affect Atac function and conformation, which cannot
be done so using in vitro studies alone. As of yet, there are no papers on hAtac, but,
hopefully, my thesis has imparted some knowledge towards the understanding of hAtacN
and through it inspired others to carry on with hAtac characterization experiments.
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